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(57) ABSTRACT

The present invention relates to novel electrode active
materials represented by the general formula A M, (XY ,)
,Z. ;, wherein:

(a) A 1s one or more alkali metals, and 0O<a=8;

(b) M 1s at least one metal capable of undergoing oxidation
to a higher valence state, and 1=b%3;

(c) XY, 1s selected from the group consisting of X'O,__ Y'_,
X'0,_,Y'5_ ., X"S,, and a mixture thereot, where X' 1s P, As,
Sh, S1, Ge, S, and mixtures thereof; X" 1s P, As, Sb, Si1, Ge,
and muxtures thereof, Y' 1s halogen, 0=x<3, O<y<4, and
O<c=3; and

(d) Z 1s OH, a halogen, or mixtures thereof, and O0<d =6.
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ALKALI/TRANSITION METAL HALO-AND
HYDROXY-PHOSPHATES AND RELATED
ELECTRODE ACTIVE MATERIALS

This application 1s a divisional of U.S. patent application
Ser. No. 10/014,822, filed Oct. 26, 2001, now U.S. Pat. No.
6,777,132, which 1s a continuation-in-part of U.S. patent

application Ser. No. 09/559,861, filed Apr. 27, 2000, 1ssued
as U.S. Pat. No. 6,387.568.

FIELD OF THE INVENTION

This invention relates to electrode active materials, elec-
trodes, and batteries. In particular, this invention relates to
active materials comprising lithium or other alkalir metals,
transition metals, phosphates or similar moieties, and halo-
gen or hydroxyl moieties.

BACKGROUND OF THE INVENTION

A wide variety of electrochemical cells, or “batteries,” are
known 1n the art. In general, batteries are devices that
convert chemical energy into electrical energy, by means of
an electrochemical oxidation-reduction reaction. Batteries
are used 1n a wide variety of applications, particularly as a
power source for devices that cannot practicably be powered
by centralized power generation sources (e.g., by commer-
cial power plants using utility transmission lines).

Batteries can be generally described as comprising three
components: an anode, that contains a material that is
oxidized (yields electrons) during discharge of the battery
(1.e., while 1t 1s providing power); a cathode that contains a
material that 1s reduced (accepts electrons) during discharge
of the battery; and an electrolyte that provides for transfer of
ions between the cathode and anode. During discharge, the
anode 1s the negative pole of the battery, and the cathode 1s
the positive pole. Batteries can be more specifically char-
acterized by the specific materials that make up each of these
three components. Selection of these components can yield
batteries having specific voltage and discharge characteris-
tics that can be optimized for particular applications.

Batteries can also be generally categorized as being
“primary,” where the electrochemical reaction 1s essentially
irreversible, so that the battery becomes unusable once
discharged; and “secondary,” where the electrochemical
reaction 1s, at least in part, reversible so that the battery can
be “recharged” and used more than once. Secondary batter-
1es are increasingly used in many applications, because of
their convenience (particularly in applications where replac-
ing batteries can be dithicult), reduced cost (by reducing the
need for replacement), and environmental benefits (by
reducing the waste from battery disposal).

There are a variety of secondary battery systems known in
the art. Among the most common systems are lead-acid,
nickel-cadmium, nickel-zinc, nickel-iron, silver oxide,
nickel metal hydrnide, rechargeable zinc-manganese dioxide,
zinc-bromide, metal-air, and lithium batteries. Systems con-
taining lithium and sodium afford many potential benefits,
because these metals are light 1n weight, while possessing,
high standard potentials. For a variety of reasons, lithium
batteries are, in particular, commercially attractive because
of their high energy density, higher cell voltages, and long
shelf-life.

Lithium batteries are prepared from one or more lithium
clectrochemical cells contaiming electrochemically active
(electroactive) materials. Among such batteries are those
having metallic lithium anodes and metal chalcogenide
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(oxide) cathodes, typically referred to as “lithium metal”
batteries. The electrolyte typically comprises a salt of
lithium dissolved 1n one or more solvents, typically non-
aqueous aprotic organic solvents. Other electrolytes are
solid electrolytes (typically polymeric matrixes) that contain
an 1onic conductive medium (typically a lithtum containing
salt dissolved in organic solvents) in combination with a
polymer that itself may be 1onically conductive but electri-
cally insulating.

Cells having a metallic lithtum anode and metal chalco-
genide cathode are charged in an mitial condition. During
discharge, lithum metal yields electrons to an external
clectrical circuit at the anode. Positively charged 1ons are
created that pass through the electrolyte to the electrochemi-
cally active (electroactive) material of the cathode. The
clectrons from the anode pass through the external circuit,
powering the device, and return to the cathode.

Another lithium battery uses an “insertion anode” rather
than lithium metal, and 1s typically referred to as a “lithium
ion”” battery. Insertion or “intercalation™ electrodes contain
materials having a lattice structure imnto which an 1on can be
inserted and subsequently extracted. Rather than chemically
altering the intercalation material, the 10ons slightly expand
the internal lattice lengths of the compound without exten-
stve bond breakage or atomic reorganization. Insertion
anodes contain, for example, lithium metal chalcogenide,
lithium metal oxide, or carbon materials such as coke and
graphite. These negative electrodes are used with lithium-
containing insertion cathodes. In their initial condition, the
cells are not charged, since the anode does not contain a
source of cations. Thus, before use, such cells must be
charged in order to transier cations (lithium) to the anode
from the cathode. During discharge the lithium 1s then
transierred from the anode back to the cathode. During
subsequent recharge, the lithium 1s again transierred back to
the anode where 1t reinserts. This back-and-forth transport of
lithium ions (Li7) between the anode and cathode during
charge and discharge cycles had led to these cells as being
called “rocking chair” batteries.

A variety of materials have been suggested for use as
cathode active materials 1n lithium batteries. Such materials
include, for example, MoS,, MnQO,, T1S,, NbSe,, L1Co0,,
LiN1O,, LiMn,O,, V.O,;, V,0O., SO,, Cu(l,. Transition
metal oxides, such as those of the general formula L1, MO )
are among those matenals preferred 1n such batteries having
intercalation electrodes. Other materials include lithium
transition metal phosphates, such as LiFePO,, and L1,V
(PO, );. Such matenals having structures similar to olivine
or NASICON materials are among those known in the art.
Cathode active materials among those known 1n the art are

disclosed 1 S. Hossain, “Rechargeable Lithium Batteries
(Ambient Temperature),” Handbook of Batteries, 2d ed.,

Chapter 36, Mc-Graw Hill (1995); U.S. Pat. No. 4,194,062,
Carides, et al., 1ssued Mar. 18, 1980; U.S. Pat. No. 4,464,
44’7, Lazzan, et al., 1ssued Aug. 7, 1984; U.S. Pat. No.
5,028,500, Fong et al., 1ssued Jul. 2, 1991; U.S. Pat. No.
5,130,211, Wilkinson, et al., 1ssued Jul. 14, 1992; U.S. Pat.
No. 5,418,090, Koksbang et al., 1ssued May 23, 1995; U.S.
Pat. No. 5,514,490, Chen et al., 1ssued May 7, 1996; U.S.
Pat. No. 5,538,814, Kamauchi et al., 1ssued Jul. 23, 1996;
U.S. Pat. No. 5,695,893, Arai, et al., 1ssued Dec. 9, 1997;
U.S. Pat. No. 5,804,335, Kamauchi, et al., issued Sep. 8,
1998; U.S. Pat. No. 5 871 360, Barker et al., 1ssued Feb. 16,
1999; U.S. Pat. No. 5,910,382, Goodenough et al., 1ssued
Jun. 8, 1999; PCT Publication WO/00/31812, Barker et al.,

pubhshed Jun 2, 2000; PCT Publication WO/OO/57505
Barker, published Sep. 28, 2000; U.S. Pat. No. 6,136,472,




US 7,214,448 B2

3

Barker et al., 1ssued Oct. 24, 2000; U.S. Pat. No. 6,153,333,
Barker, 1ssued Nov. 28, 2000; PCT Publication WO/01/
13443, Barker, published Feb. 22, 2001; and PCT Publica-
tion WO/01/54212, Barker et al., published Jul. 26, 2001.

In general, such a cathode material must exhibit a high
free energy of reaction with lithium, be able to intercalate a
large quantity of lithtum, maintain 1ts lattice structure upon
insertion and extraction of lithium, allow rapid diffusion of
lithium, afford good electrical conductivity, not be signifi-
cantly soluble 1n the electrolyte system of the battery, and be
readily and economically produced. However, many of the
cathode materials known 1n the art lack one or more of these
characteristics. As a result, for example, many such mate-
rials are not economical to produce, aflord insuilicient
voltage, have msuflicient charge capacity, or lose their
ability to be recharged over multiple cycles.

SUMMARY OF THE INVENTION

The 1nvention provides electrode active materials com-
prising lithium or other alkali metals, a transition metal, a
phosphate or similar moiety, and a halogen or hydroxyl
moiety. Such electrode actives include those of the formula:

AQME?(XYﬁl) czd':

wherein

(a) A 1s selected from the group consisting of L1, Na, K, and
mixtures thereof, and O0<a=8:

(b) M comprises one or more metals, comprising at least one
metal which 1s capable of undergoing oxidation to a
higher valence state, and 1=b=3;

(c) XY, 1s selected from the group consisting of X'O,__ Y',
X'04 Y5, X"S,, and mixtures thereot, where X'1s P, As,
Sb, S1, Ge, S, and mixtures thereof; X" 1s P, As, Sbh, S1, Ge
and mixtures thereof; Y' 1s halogen; 0=x<3; and O<y<4;
and O<c=3;

(d) Z 1s OH, halogen, or mixtures thereof, and O<dZ=6; and

wheremn M, X, Y, Z, a, b, ¢, d, X and y are selected so as to
maintain electroneutrality of said compound.

In a preferred embodiment, M comprises two or more
transition metals from Groups 4 to 11 of the Periodic Table.
In another preferred embodiment, M comprises M'M",
where M' 1s at least one transition metal from Groups 4 to 11
of the Periodic Table; and M" i1s at least one element {from
Groups 2, 3, 12, 13, or 14 of the Periodic Table. Preferred
embodiments include those where ¢c=1, those where ¢c=2, and
those where ¢=3. Preferred embodiments include those
where a=1 and c=1, those where a=2 and c=1, and those
where a=3 and ¢=3. Preferred embodiments also include
those having a structure similar to the mineral olivine

(herein “olivines™), and those having a structure similar to
NASICON (NA Super Ionic CONductor) materials (herein
“NASICONSs™).

This invention also provides electrodes comprising an
clectrode active material of this invention. Also provided are
batteries that comprise a {first electrode having an electrode
active material of this invention; a second electrode having
a compatible active material; and an electrolyte. In a pre-
ferred embodiment, the novel electrode material of this
ivention 1s used as a positive electrode (cathode) active
material, reversibly cycling lithium 1ons with a compatible
negative electrode (anode) active material.

It has been found that the novel electrode materials,
electrodes, and batteries of this invention afford benefits
over such materials and devices among those known 1n the
art. Such benefits include increased capacity, enhanced
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cycling capability, enhanced reversibility, and reduced costs.
Specific benefits and embodiments of the present invention
are apparent from the detailed description set forth herein. It
should be understood, however, that the detailed description
and specific examples, while indicating embodiments
among those preferred, are intended for purposes of 1llus-
tration only and are not intended to limited the scope of the
invention.

DESCRIPTION OF THE INVENTION

The present mnvention provides electrode active materials
for use 1n a battery. As used herein, “battery” refers to a
device comprising one or more electrochemical cells for the
production of electricity. Each electrochemical cell com-
prises an anode, a cathode, and an electrolyte. Two or more
clectrochemical cells may be combined, or “stacked,” so as
to create a multi-cell battery having a voltage that 1s the sum
of the voltages of the individual cells.

The electrode active materials of this mvention may be
used in the anode, the cathode, or both. Preferably, the active
materials of this invention are used 1n the cathode. (As used
herein, the terms ‘““‘cathode” and *“anode” refer to the elec-
trodes at which oxidation and reduction occur, respectively,
during battery discharge. During charging of the battery, the
sites of oxidation and reduction are reversed. Also, as used
herein, the words “preferred” and “preferably” refer to
embodiments of the invention that afford certain benefits,
under certain circumstances. However, other embodiments
may also be preferred, under the same or other circum-
stances. Furthermore, the recitation of one or more preferred
embodiments does not imply that other embodiments are not
useful and 1s not mtended to exclude other embodiments
from the scope of the mvention.)

FElectrode Active Materials:

The present invention provides active materials (herein
“electrode active matenals™) comprising lithium or other
alkali metals, a transition metal, a phosphate or similar
moiety, and a halogen or hydroxyl moiety. Such electrode
active materials include those of the formula A M, (XY ,)
7. .. (As used herein, the word “include,” and 1ts variants, 1s
intended to be non-limiting, such that recitation of items 1n
a list 1s not to the exclusion of other like items that may also
be usetul in the materials, compositions, devices, and meth-
ods of this mvention.)

A 15 selected from the group consisting of L1 (lithium), Na
(sodium), K (potassium), and mixtures thereof. In a pre-
ferred embodiment, A 1s L1, or a mixture of .1 with Na, a
mixture of L1 with K, or a mixture of .1, Na and K. In
another preferred embodiment, A 1s Na, or a mixture of Na
with K. Preferably “a” 1s from about 0.1 to about 6, more
preferably from about 0.2 to about 6. Where c¢c=1, a 1s
preferably from about 0.1 to about 3, preferably from about
0.2 to about 2. In a preferred embodiment, where c=1, a 1s
less than about 1. In another preferred embodiment, where
c=1, a 1s about 2. Where ¢=2, a 1s preferably from about 0.1
to about 6, preferably from about 1 to about 6. Where ¢=3,
a 1s preferably from about 0.1 to about 6, preferably from
about 2 to about 6, preferably from about 3 to about 6.

M comprises one or more metals, comprising at least one
metal which 1s capable of undergoing oxidation to a higher
valence state. In a preferred embodiment, removal of alkali
metal from the electrode active maternial 1s accompanied by
a change 1 oxidation state of at least one of the metals
comprising M. The amount of said metal that 1s available for
oxidation in the electrode active material determines the
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amount of alkali metal that may be removed. Such concepts
are, 1n general application, well known 1n the art, e.g., as

disclosed in U.S. Pat. No. 4,477,541, Fraioli, 1ssued Oct. 16,
1984 and U.S. Pat. No. 6,136,472, Barker, et al., 1ssued Oct.
24, 2000, both of which are incorporated by reference
herein.

Referring to the general formula A M,(XY,) .7 , the
amount (a') of alkali metal that can be removed, as a function
of the quantity (b') and valency (V) of oxidizable metal, is

a'=b'(AVY),

where AV* is the difference between the valence state of the
metal 1n the active material and a valence state readily
available for the metal. (The term oxidation state and
valence state are used in the art interchangeably.) For
example, for an active material comprising iron (Fe) 1n the
+2 oxidation state, AV**=1, wherein iron may be oxidized to
the +3 oxaidation state (although iron may also be oxidized
to a +4 oxidation state in some circumstances). If b=2 (two
moles of Fe per mole of material), the maximum amount (a')
of alkali metal (oxidation state +1) that can be removed
during cycling of the battery 1s 2 (two moles of alkali metal).
If the active material comprises manganese (Mn) 1n the +2
oxidation state, AV*=2, wherein manganese may be oxi-
dized to the +4 oxidation state (although Mn may also be
ox1idized to higher oxidation states in some circumstances).
Thus, 1n this example, the maximum amount (a') of alkali
metal that can be removed during cycling of the battery 1s 4,
assuming that a=4.

M may comprise a single metal, or a combination of two
or more metals. In embodiments where M 1s a combination
of elements, the total valence of M 1n the active material
must be such that the resulting active material 1s electrically
neutral (1.e., the positive charges of all anionic species 1n the
material balance the negative charges of all cationic spe-
cies), as further discussed below. The net valence of M (V%)
having a mixture of elements (M1, M2 . . . Mt) may be
represented by the formula

VM=VMp Voot . VM,

where b, +b,+ ... b~=1, and V**" is the oxidation state of M1,
V*2 is the oxidation state of M2, etc. (The net valence of M
and other components of the electrode active material 1s

discussed further, below.)

M may be, in general, a metal or metalloid, selected from
the group consisting of elements from Groups 2—14 of the
Periodic Table. As referred to herein, “Group” refers to the
Group numbers (1.e., columns) of the Periodic Table as
defined in the current IUPAC Periodic Table. See, e.g., U.S.
Pat. No. 6,136,472, Barker et al., 1ssued Oct. 24, 2000,
incorporated by reference herein. In a preferred embodi-
ment, M comprises one or more transition metals from
Groups 4 to 11. In another preferred embodiment, M com-
prises a mixture of metals, M'M", where M' 1s at least one
transition metal from Groups 4 to 11, and M" 1s at least one
clement which 1s from Groups 2, 3, 12, 13, or 14.

Transition metals useful herein include those selected
from the group consisting of 11 (Titantum), V (Vanadium),
Cr (Chromium), Mn (Manganese), Fe (Iron), Co (Cobalt),
N1 (Nickel), Cu (Copper), Zr (Zircomum), Nb (Niobium),
Mo (Molybdenum), Ru (Ruthenium), Rh (Rhodium), Pd
(Palladium), Ag (Silver), Cd (Cadmium), Hf (Hafnmium), Ta
(Tantalum), W (Tungsten), Re (Rhentum), Os (Osmium), Ir
(Indium), Pt (Platinum), Au (Gold), Hg (Mercury), and
mixtures thereof. Preferred are the first row transition series
(the 4th Period of the Periodic Table), selected from the
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group consisting of Ti, V, Cr, Mn, Fe, Co, Ni, Cu, and
mixtures thereof. Particularly preferred transition metals
useful here include Fe, Co, Mn, Cu, V, Cr, and mixtures
thereof. In some embodiments, mixtures of transition metals
are preferred. Although, a variety of oxidation states for such
transition metals are available, 1n some embodiments 1t 1s
preferred that the transition metals have a +2 oxidation state.

M may also comprise non-transition metals and metal-
loids. Among such elements are those selected from the
group consisting of Group 2 elements, particularly Be (Be-
ryllium), Mg (Magnesium), Ca (Calcium), Sr (Strontium),
Ba (Barium); Group 3 elements, particularly Sc (Scandium),
Y (Yttrium), and the lanthanides, particularly La (Lantha-
num), Ce (Certum), Pr (Praseodymium), Nd (Neodymium),
Sm (Samarium); Group 12 elements, particularly Zn (zinc)
and Cd (cadmium); Group 13 elements, particularly B
(Boron), Al (Aluminum), Ga (Gallium), In (Indmum), TI
(Thallium); Group 14 elements, particularly S1 (Silicon), Ge
(Germanium), Sn (Tin), and Pb (Lead); Group 15 elements,
particularly As (Arsenic), Sb (Antimony), and B1 (Bismuth);
Group 16 elements, particularly Te (Tellurium); and mix-
tures thereof. Preferred non-transition metals include the
Group 2 elements, Group 12 elements, Group 13 elements,
and Group 14 elements. Particularly preferred non-transition
metals include those selected from the group consisting of
Mg, Ca, Zn, Sr, Pb, Cd, Sn, Ba, Be, Al, and mixtures thereof.
Particularly preferred are non-transition metals selected
from the group consisting of Mg, Ca, Zn, Ba, Al, and
mixtures thereof.

As further discussed herein, “b” 1s selected so as to
maintain electroneutrality of the electrode active material. In
a preferred embodiment, where c¢=1, b 1s from about 1 to
about 2, preferably about 1. In another preferred embodi-
ment, where ¢=2, b 1s from about 2 to about 3, preferably
about 2.

XY, 1s selected from the group consisting of X'O,__ Y'
X'0,_, Y, X"S,, and mixtures thereof, where X' 1s P
(phosphorus), As (arsenic), Sb (antimony), Si (silicon), Ge
(germanium), S (sulfur), and mixtures thereof; X" 1s P, As,
Sb, S1, Ge and mixtures thereol. In a preferred embodiment,
X" and X" are, respectively, selected from the group con-
sisting of P, Si1, and mixtures thereof. In a particularly
preferred embodiment, X' and X" are P. Y 1s halogen,
preferably F (fluorine).

In a preferred embodiment 0<x<3; and O<y<4, such that
a portion of the oxygen (O) 1n the XY, moiety 1s substituted
with halogen. In another preferred embodiment, x and y are
0. In a particularly preferred embodiment XY, 1s X'O,,
where X' 1s preferably P or S1, more preferably P.

7. 1s OH, halogen, or mixtures thereof. In a preferred
embodiment, Z 1s selected from the group consisting of OH
(hydroxyl), F (fluorine), Cl (chlorine), Br (bromine) and
mixtures thereof. In a preferred embodiment, Z 1s OH. In
another preferred embodiment, Z 1s F, or mixtures of F with
OH, Cl, or Br. Preferably “d” 1s from about 0.1 to about 6,
more preferably from about 0.2 to about 6. Where ¢=1, d 1s
preferably from about 0.1 to about 3, preferably from about
0.2 to about 2. In a preferred embodiment, where ¢c=1, d 1s
about 1. Where ¢=2, d 1s preferably from about 0.1 to about
6, preferably from about 1 to about 6. Where ¢=3, d 1s
preferably from about 0.1 to about 6, preferably from about
2 to about 6, preferably from about 3 to about 6.

The composition of M, X, Y, and Z, and the values of a,
b, ¢, d, x and v, are selected so as to maintain electroneu-
trality of the electrode active material. As referred to herein
“electroneutrality” 1s the state of the electrode active mate-
rial wherein the sum of the cationic charged species (e.g., M
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and X) 1n the material 1s equal to the sum of the anionic
charged species (e.g., Y and 7Z) 1n the matenal. Preferably,
the XY, moieties are comprised to be, as a unit moiety, an
anion having a charge of -2, -3, or -4, depending on the
selection of X.

In general, the valence state of each component element
of the electrode active material may be determined 1in
reference to the composition and valence state of the other
component elements of the material. By reference to the
general formula A M, (XY ,) Z , the electroneutrality of the
material may be determined using the formula

(VAOa+(V b+ (V) e=(VHdc+(VAd

where V< is the net valence of A, V* is the net valence of
M, V7' is the net valence of Y, and V~ is the net valence of
Z.. As referred to herein, the “net valence” of a component
1s (a) the valence state for a component having a single
clement which occurs in the active material in a single
valence state; or (b) the mole-weighted sum of the valence
states of all elements 1n a component comprising more than
one element, or comprising a single element having more
than one valence state. The net valence of each component
1s represented in the following formulae.

(VO =[(V'Ya'+(Val)a*+ . .
+...a"=a

. (Val*™™a J/m; a'lva?

(VM b=[(VMOple (VM4 | . (VM I bl +b?
+...b"=h

(VAe=[(VD e+ (VA 2+ .. (VI clve?
+...Cc'=c

(VHe=[(VIDe + (VA + ... (VI ol+e?
+...C=c

(VA)e=[(V ' +(V2)co+ .. (V) s cte?
+...C'=c

In general, the quantity and composition of M 1s selected
given the valency of X, the value of ““c,” and the amount of

A, so long as M comprises at least one metal that 1s capable
of oxidation. The calculation for the valence of M can be

simplified, where V=1, V*=1, as follows.

For compounds where c=1: (VM) b=(VO4+d-a-(V¥)

For compounds where c=3: (VM) b=(V)12+d-a-
(V)3

The values of a, b, ¢, d, X, and y may result in stoichio-
metric or non-stoichiometric formulas for the electrode
active materials. In a preferred embodiment, the values of a,
b, ¢, d, x, and y are all iteger values, resulting 1n a
stoichiometric formula. In another preferred embodiment,
one or more of a, b, ¢, d, X and y may have non-integer
values. It 1s understood, however, in embodiments having a
lattice structure comprising multiple units of a non-stoichio-
metric formula A M,(XY,) Z , that the formula may be
stoichiometric when looking at a multiple of the unit. That
1s, for a unit formula where one or more of a, b, ¢, d, x, or
y 1s a non-integer, the values of each vanable become an
integer value with respect to a number of units that i1s the
least common multiplier of each of a, b, ¢, d, x and y. For
example, the active material LiFe, Mg, -PO,F 1s non-
stoichiometric. However, 1n a material comprising two of
such units 1n a lattice structure, the formula 1s Li,FeMg
(POL),L.

A preferred non-stoichiometric electrode active material
1s of the formula L1, |, MPO,F_where O<z=3, preferably 0<z
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=1. Another preferred non-stoichiometric electrode active
material 1s of the formula Li, M',_ M" PO/F_; where
0<z<3, preferably O<z<1; and 0=y<l. A particularly pre-

ferred non-stoichiometric active material 1S
L1, ,5Feq oMg, POLE, 5s.

A preferred electrode active material embodiment com-
prises a compound of the formula

Li,M5(PO4)Z,,

wherein
(a) 0.1<a=4;
(b) M 1s M'M", where M' 1s at least one transition metal from

Groups 4 to 11 of the Periodic Table; and M" 1s at least
one element which 1s from Group 2, 12, 13, or 14 of the

Periodic Table, and 1=b=3; and
(c) Z comprises halogen, and 0.1<d =4; and

wherein M, 7, a, b, and d are selected so as to maintain
clectroneutrality of said compound.

Preferably, M' 1s selected from the group consisting of Fe,
Co, N1, Mn, Cu, V, Zr, T1, Cr, and mixtures thereof; more

preferably M' 1s selected from the group consisting of Fe,
Co, Mn, Cu, V, Cr, and mixtures thereof. Preterably, M" 1s

selected from the group consisting of Mg, Ca, Zn, Sr, Pb, Cd,
Sn, Ba, Be, Al, and mixtures thereof; more preferably M" 1s
selected from the group consisting of Mg, Ca, Zn, Ba, Al,
and mixtures thereof. Preferably Z comprises F.

Another preferred embodiment comprises a compound of
the formula

Li,Mp(PO4)Z,,

wherein
(a) 0.1<a=4;
(b) M 1s one or more metals, comprising at least one metal

which 1s capable of undergoing oxidation to a higher
valence state, and 1=b=3; and

(c) Z 1s OH or a mixture of OH and halogen, and 0.1<d=4;
and

wherein M, 7, a, b, and d are selected so as to maintain
clectroneutrality of said compound.

Preferably, M comprises M'M", where M' 1s at least one
transition metal from Groups 4 to 11 of the Periodic Table;
and M" 1s at least one element from Groups 2, 3, 12, 13, or

14 of the Periodic Table. Preferably M' 1s selected from the
group consisting of Fe, Co, N1, Mn, Cu, V, Zr, Ti, Cr, and
mixtures thereof; more preferably M' 1s selected from the
group consisting of Fe, Co, Mn, Cu, V, Cr, and mixtures
thereol. Preterably M 1s not N1, when a=2 and d=1. Prefer-
ably M" 1s selected from the group consisting of Mg, Ca, Zn,
Sr, Pb, Cd, Sn, Ba, Be, Al, and mixtures thereof; more
preferably M" 1s selected from the group consisting of Mg,
Ca, Zn, Ba, Al, and mixtures thereof.

Another preferred embodiment comprises a compound of
the formula

A>M(PO,)Z,,

wherein

(a) A 1s selected from the group consisting of L1, Na, K, and
mixtures thereot;

(b) M 1s M',_,M",, where M' 1s at least one transition metal
from Groups 4 to 11 of the Periodic Table; and M" 1s at
least one element which 1s from Group 2, 3, 12, 13, or 14

of the Periodic Table, and 0=b<]1; and
(c) Z comprises halogen, and 0.1<d=2; and
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wherein M, 7, b, and d are selected so as to maintain
clectroneutrality of said compound.

Preferably A 1s L1, or mixtures of L1 with Na, K, or
mixtures of Na and K. Preferably, M' 1s selected from the
group consisting of Fe, Co, Mn, Cu, V, Zr, T1, Cr, and
mixtures thereof; more preferably M' 1s selected from the
group consisting of Fe, Co, Mn, Cu, V, Cr, and mixtures
thereot. Preferably, M" 1s selected from the group consisting,
of Mg, Ca, Zn, Sr, Pb, Cd, Sn, Ba, Be, Al, and mixtures
thereol; more preferably, M" 1s selected from the group
consisting of Mg, Ca, Zn, Ba, Al, and mixtures thereof.
Preferably, Z comprises F. Preferably M 1s not N1, when d=1.
In a preferred embodiment M' 1s Fe or Co, M" 1s Mg, and X
1s F. A particularly preferred embodiment 1s Li.Fe,_,
Mg PO_F. Preferred electrode active materials 1nclude

Li,Fe, Mg, ,PO,F, and L1,Fe, Mg, ,PO_F.

A preterred electrode active material 1s of the formula
L1,MPO.F, wherein M 1s selected from the group consisting
of Ti, V, Cr, Mn, Fe, Co, Cu, Zn, or mixtures thereof,
preferably Fe, Co, Mn, or mixtures thereof. Among such
preferred compounds 1s L1,CoPO,F and Li1,FePO,F.

Another preferred embodiment comprises a compound of
the formula:

AMy(XY )32,

wherein

(a) A 1s selected from the group consisting of L1, Na, K, and
mixtures thereof, and 2=a=8;

(b) M comprises one or more metals, comprising at least one
metal which 1s capable of undergoing oxidation to a

higher valence state, and 1=b=3;

(¢) XY, 1s selected from the group consisting of X'O,__ Y' |
X'0,4_, Y5, X"S,, and mixtures thereof, where X" 1s P, As,
Sb, S1, Ge, S, and mixtures thereof; X" 1s P, As, Sb, Si1, Ge
and mixtures thereof; Y' 1s halogen; 0=x<3; and O<y<4;

(d) Z 1s OH, halogen, or mixtures thereotf, and 0<d=6; and

wherein M, X, Y, Z, a, b, d, x and y are selected so as to
maintain electroneutrality of said compound.

In a preferred embodiment, A comprises L1, or mixtures of
[.1 with Na or K. In another preferred embodiment, A
comprises Na, K, or mixtures thereot. In a preferred embodi-
ment, M comprises two or more transition metals from
Groups 4 to 11 of the Periodic Table, preferably transition
metals selected from the group consisting of Fe, Co, N1, Mn,
Cu, V, Zr, T1, Cr, and mixtures thereof. In another preferred
embodiment, M comprises M'M", where M' 1s at least one
transition metal from Groups 4 to 11 of the Periodic Table;
and M" 1s at least one element from Groups 2, 3, 12, 13, or
14 of the Periodic Table having a +2 valence state. Prefer-
ably, M' 1s selected from the group consisting of Fe, Co, N,
Mn, Cu, V, Zr, T1, Cr, and mixtures thereof; more preferably
M' 1s selected from the group consisting of Fe, Co, Mn, Cu,
V, Cr, and mixtures thereoi. Preferably, M" 1s selected from
the group consisting of Mg, Ca, Zn, Sr, Pb, Cd, Sn, Ba, Be,
Al, and mixtures thereof; more pretferably, M" i1s selected
from the group consisting of Mg, Ca, Zn, Ba, Al, and
mixtures thereof. In a preferred embodiment, XY, 1s pref-
erably PO,. In another preferred embodiment, X' comprises
As, Sb, S1, Ge, S, and mixtures thereof; X" comprises As,
Sb, S1, Ge and mixtures thereof; and O<x<3. In a preferred
embodiment, 7Z comprises F, or mixtures of F with Cl, Br,
OH, or mixtures thereotf. In another preferred embodiment,
7. comprises OH, or mixtures thereof with Cl or Br. Preferred
clectrode actives include those of the following formulae.
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A, MM"PO,),Z , where M' 1s a +3 oxidation state
transition or non-transition metal and M" 1s a +2 oxidation
state transition metal or non-transition metal.

A, MM"(PO,),7Z , where M' 1s a +4 oxidation state
transition metal or non-transition and M" 1s a +2 oxidation
state transition metal or non-transition metal.

A, M,(PO,),7Z , where M 1s a +3 oxidation state tran-
sition metal.

A, . M,(PO,),7Z , where M 1s a +4 oxidation state tran-
sition metal.

Ao, M,(PO,);7Z , where M 1s a +2 oxidation state tran-
sition metal, or mixture with a +2 oxidation state non-
transition metal.

A, M,(510,),(PO,)Z , where M 1s a +4 oxidation state
transition metal.

A, .. M, (S10,),_ (PO,) 7 , where M 1s a +3 oxidation
state transition metal.

A, M,(510,),7 ,, where M 1s a +4 oxidation state tran-
sition metal.

Ao, M,(510,),7 ,, where M 1s a +3 oxidation state tran-
sition metal.

A, M,(50,):7Z , where M 1s a +2 oxidation state tran-
sition metal, or mixture with a +2 oxidation state non-
transition metal.

A, MM"(80,),7Z ,, where M' 1s a +2 oxidation state
metal; and M" 1s a +3 oxidation state transition metal.

Among the preferred embodiments of this mnvention are
the following clectrode active materials:
Li,Fe, Mg, ,PO,F; Li,Fe, .Co, -PO,F; L1,CoPO,F,; KFe
(PO,F)F; L1,Co(PO,F)Br,; Li,Fe(PO,F,)F; Li,FePO,Cl;

L1, MnPO,OH; L1,CoPO.F; Li,Fe, .Co, PO,F;
Li,Fe, ;Mg, ,PO_F; Li,Fe, Mg, ,PO_F;
L1, ,.Fe, Mg, ,PO,F, ,-; L1,MnPO,F; L1CuPO,F;
K, Fe, ;Mg, Py sAs, sO,F; L1,MnSbO,OH;
Li,Fe, (Co, ,SbO, Br; Na,CoAsO,F,; LiFe(AsO,F)CI;
L1,Co(Asg sSbg 503F)F,; K Fe(AsOzF,)F;  Li,NiSbO,F;
L1,FeAsO,OH; Li;Mn,(PO,);F; Na,FeMn(PO,);OH;
Li,FeV(PO,);Br;  Li,VAI(PO,),F; K ;MgV(PO,);Cl;
LiKNaTiFe(PO,),F; LiFe,(PO; g,F; 61): Li;FeMn

(PO; 67F053)35 Ly 11,(POL)Br; Li;V,(PO,)5F,; LigFeMg
(PO,),OH; Li;Mn,(AsO,);F; K ,FeMn(AsO,),,H; Li,FeV
(P, <Sb, :O,),Br; LiNaKAIV(AsO,),F; K.MgV(5bO,),Cl;
L1, T1iFe(SbO,),k; L1,Fe,(SbO; 551 65)s: Ligens,
70.5A80 505 6710 33)30 D14 11,(POL)sE; L3 55V, (POL)SE 551
L13Na, 75Fe,(POL)sE, 755 Nay sFe,(POL);(OH)C, 55 Kg'l1,
(POL)F3Bry; K11,(PO,)5 s L1, 11,(POL)sF; LiNa, 55V,
(POLF sClo 750 Ky 5sMn,(POL),0H, ,5;  LiNa, , K11V
(POL):(OH), 5sCl; Nagli,(PO,)F5CLy; LisFe, (PO,),E
LigFeMg(PO,)5F,; 55Cl, 55 LisNa, sTiMn(PO,);(OH),
Cl, 5; Na, K, MnCa(PO,),(OH), Br; KiFeBa(PO,),F,Cl,,
L1:11,(510,),(PO)F,; NaMn,(S10,),(PO,F,Cl; LiTiFe
(PO,),F; Na,K,VMg(PO,),FCl; Li,NaAINi(PO,);(OH);
L1, K, FeMg(PO,),F,; L1,Na,K,CrMn(PO,),(OH)Br;
L1, T1iCa(POy),F; 11,11, ,.Fe, .(PO,),F; Li;NaSnFe(PO,),
(OH); Li;NaGe, N1,(PO,);(OH); Na;K,VCo(PO,),(OH)
Cl; L1;Na,MnCa(PO,),F(PO,),F(OH); Li;NaKTiFe(PO,),
F;  LigFeCo(510,),(POF;  Li;Na,T1iV(510,),(PO)F;
K5 sCrMn(510,4),(POL)CL, 55 LisNa, sV,(510,4),(PO,)

(OH), -; Na. ,.FeMn(510,),(PO)Br, ,-; L1,NaVTi1(S10,),
F, Cl, 5; Na,K, ZrV(510,);F, <; L1, K, MnV(S10,),

(OH),;  Li,Na,KTi,(SiO,).,F;  K_.V,(SiO,),(OH)Br;
Li,FeMn(SiO,);F.; Na K, -CoNi(SiO,)s(OH), <;
Li,Na, K, TiV(SiO,),(OH), Cl, .;  K,VCr(SiO,),F,Cl:

[LiNa,V,(510,),FBr; Li,FeMg(SO/F,; Na,KNiCo(50,)
(OH); Na - MnCa(SO )F,CI; L1,NaCuBa(SO_,)FBr;
L1, K, FeZn(SO )F; L1;MgFe(SO,),F,; L1,NaCaV(50,),
FCl; Na,NiMn(SO,),(OH),; NaKBaFe(SO,),F; L1, KCuV
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(50,4);(OH)Br; - L1, sCoPOLF, 55 L1, 55CuPOLE, 511, 751
FePO,F, 750 11 46MnPOLE, o3 L1, sCop 55Ca, 55sPOLF s:
L1, 75C0g sMn,, ,POLE, 75: L1, 5sFeq 7sMgo 2sPOLE 5s:
L1, 66C0g 6204 4POLE 66 L1, 7sMng §Mg, ,POLE 75:
L1,CuSiF L1CoS10,F; L1CoS10,F; KMnS10,Cl;
KMn,S10,Cl; L1,VS10,(0OH),; LiFeCuSi10,F,;
LiFeS10,F,; NaMnSi10,F,; L[1,CuS10,Cl,; Li1,CuGeF;
Li,FeGeF; LiCoGeO,F; Li1,CoGeO,F; Li1;CoGeO,F;
NaMnSy, Ge, ;O,Cl; L1,T1GeO,(OH),; LiFeCuGeO,F,;
NaFeSi1, -Ge, -O,F;; LiNaCuGeO,Cl;; Li:Mn,(510,),FCI;
L1, K,Mn,(S10,),F;  Na;Mn(S10;5 (F, 30)OH;  LiCuFe
(GeO,4);Cl; L1;Mn,(GeO,);0H; NazK,Mn,(S14 sGe, 5s0,4);
F,; Li,Mn,(GeO,),F; KLi,Fe,(S1,:Ge, O,)Br; LiFe
(GeO; 66l 30)3F: NasMn(GeO; g6k 30)OH;  LiMnSO L
NaFe, ; Mg, ;SO,Cl; LiFeSO,F; LiMnSO,OH; KMnSO_F;
L1,Mn;(50,),0H; LISFBEAI(SO4)3C1 L14Fe(S()1 32 263)3
BrCl;  NazMn(SO, ;b 65);OH;  L1,FeAl(SO, 3,F; 65)51:

LiZFeZn(PO4)F2; L1y 5C0g 75sMg, s(POLE 75
L1;Mng sAl, s(POLF; 53 Lig ,5VCa(POLF, 555 Li,CuBa
(POLF,; L1y sMn, sCa(POL)(OH), 5; L1, sFeMg(PO,)(OH)
Cl; LiFeCoCa(PO,)(OH),F; L[Li1,CuBa(PO,)(OH),Br,;
Liy 7sMn,; sAI(PO4)(OH); 7s: L1,Coq 75sMg, »5(POLE:
LiNaCo, ;Mg ,(PO_)F; NaKCu, Mg, (PO, )F;
LiNag sKq sFeq 7sMgg 55(POLE; LisK 5V sZn, s(POLE;
L1,CuCa(SbO,F,);F; NaFe,.Mg(PS,);(OH,)CI;
L1,K;CoAl(AsO,l,),F5; Liske, sCoq 5(PO5F);(OH); s
K FeMg(POsF),F,Cl3L1.Fe, Al(SO,);Cl;  LiFe,(SO,),Cl,
LiMn,(SO,),F, L1;N1,(S0,),Cl, L[1,Co,(S0,),F, LisFe,
(SO, );Br, LiMn,(S0O,)sF, Li;MnFe(SO, ), F, L1;N1Co(SO, ),
Cl; LiMnSO,F; L[LiFeSO,Cl; LiNiSO.F; L[L1CoSO,Cl;
LiMn,_ Fe SO,F, LiFe,_ Mg SO,F; Li,ZrMn(S10,)F,
Li1,MnCo(S10,),F, Li-MnNi(S10,);F, Li1,VAI(810,)5F;
L1,MnCo(PO,),(S10,)F; Li1,VAI(PO,),(S10)F; Li,MnV
(PO,),(S10,)F; Li1,CoFe(PO,),(S10,)F; Li, (;VPO,F:

L1, . VPOLF, ;s LiVPOLF; L[1,V,(PO,),F,; L[L1VPO,CI;
[1VPO,OH; NaVPO.F; Na,V,[PO,F; and mixtures
thereol.

Methods of Manutacture:

Active matenials of general formula A M, (XY ,) 7 , are
readily synthesized by reacting starting materials 1n a solid
state reaction, with or without simultaneous oxidation or
reduction of the metal species mvolved. According to the
desired values of a, b, ¢, and d 1n the product, starting
materials are chosen that contain “a” moles of alkali metal
A from all sources, “b” moles of metals M from all sources,
“c” moles of phosphate (or other XY, species) from all
sources, and “d” moles of halide or hydromde /., again
taking into account all sources. As discussed below, a
particular starting material may the be source of more than
one of the components A, M, XY ,, or Z. Alternatively 1t 1s
possible to run the reaction with an excess of one or more of
the starting materials. In such a case, the stoichiometry of the
product will be determined by the limiting reagent among
the components A, M, XY, and 7. Because 1n such a case
at least some of the starting materials will be present in the
reaction product mixture, 1t 1s usually desirable to provide
exact molar amounts of all the starting matenals.

Sources of alkali metal include any of a number of salts
or 1onic compounds of lithium, sodium, potassium, rubidium
or cesium. Lithium, sodium, and potassium compounds are
preferred. Preferably, the alkali metal source 1s provided in
powder or particulate form. A wide range of such materials
1s well known 1n the field of inorganic chemistry. Non-
limiting examples mclude the lithium, sodium, and/or potas-
sium fluorides, chlorides, bromides, 1odides, nitrates,
nitrites, sulfates, hydrogen sulfates, sulfites, bisulfites, car-
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bonates, bicarbonates, borates, phosphates, hydrogen phos-
phates, dihydrogen phosphates, silicates, antimonates,
arsenates, germinates, oxides, acetates, oxalates, and the
like. Hydrates of the above compounds may also be used, as
well as mixtures. In particular, the mixtures may contain
more than one alkali metal so that a mixed alkali metal
active material will be produced in the reaction.

Sources of metals M include salts or compounds of any of
the transition metals, alkaline earth metals, or lanthanide
metals, as well as of non-transition metals such as alumi-
num, gallium, indium, thalllum, tin, lead, and bismuth. The
metal compounds include, without limitation, fluorides,
chlorides, bromides, 1odides, nitrates, nitrites, sulfates,
hydrogen sulfates, sulfites, bisulfites, carbonates, bicarbon-
ates, borates, phosphates, hydrogen phosphates, dihydrogen
phosphates, silicates, antimonates, arsenates, germanates,
oxides, hydroxides, acetates, oxalates, and the like. Hydrates
may also be used, as well as mixtures of metals, as with the
alkali metals, so that alkali metal mixed metal active mate-
rials are produced. The metal M 1n the starting material may
have any oxidation state, depending the oxidation state
required 1n the desired product and the oxidizing or reducing
conditions contemplated, as discussed below. The metal
sources are chosen so that at least one metal 1n the final
reaction product 1s capable of being 1n an oxidation state
higher than 1t 1s 1n the reaction product.

Sources of the desired starting material anions such as the
phosphates, halides, and hydroxides are provided by a
number of salts or compounds containing positively charged
cations 1n addition to the source of phosphate (or other XY,
species ), halide, or hydroxide. Such cations include, without
limitation, metal 1ons such as the alkali metals, alkaline
metals, transition metals, or other non-transition metals, as
well as complex cations such as ammonium or quaternary
quaternary ammonium. The phosphate anion 1n such com-
pounds may be phosphate, hydrogen phosphate, or dihydro-
gen phosphate. As with the alkali metal source and metal
source discussed above, the phosphate, halide, or hydroxide
starting materials are preferably provided in particulate or
powder form. Hydrates of any of the above may be used, as
can mixtures of the above.

A starting material may provide more than one of the
components A, M, XY ., and Z, as 1s evident in the list above.
In various embodiments of the invention, starting materials
are provided that combine, for example, the alkali metal and
halide together, or the metal and the phosphate. Thus for
example, lithium, sodium, or potassium fluoride may be
reacted with a metal phosphate such as vanadium phosphate
or chromium phosphate, or with a mixture of metal com-
pounds such as a metal phosphate and a metal hydroxide. In
one embodiment, a starting material 1s provided that con-
tains alkali metal, metal, and phosphate. There 1s complete
flexibility to select starting materials containing any of the
components of alkali metal A, metal M, phosphate (or other
XY, moiety), and halide/hydroxide 7, depending on avail-
ability. Combinations of starting materials providing each of
the components may also be used.

In general, any anion may be combined with the alkali
metal cation to provide the alkali metal source starting
material, or with the metal M cation to provide the metal M
starting material. Likewise, any cation may be combined
with the halide or hydroxide anion to provide the source of
/. component starting material, and any cation may be used
as counterion to the phosphate or similar XY, component. It
1s preferred, however, to select starting materials with coun-
terions that give rise to volatile by-products. Thus, 1t 1s
desirable to choose ammonium salts, carbonates, oxides,
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hydroxides, and the like where possible. Starting materials
with these counterions tend to form volatile by-products
such as water, ammonia, and carbon dioxide, which can be
readily removed from the reaction mixture. This concept 1s
well illustrated 1 the Examples below.

The sources of components A, M, phosphate (or other
XY, moiety), and Z may be reacted together in the solid state
while heating for a time and temperature suflicient to make
a reaction product. The starting materials are provided 1n
powder or particulate form. The powders are mixed together
with any of a variety of procedures, such as by ball milling
without attrition, blending in a mortar and pestle, and the
like. Thereafter the mixture of powdered starting materials 1s
compressed into a tablet and/or held together with a binder
maternial to form a closely cohering reaction mixture. The
reaction mixture 1s heated 1n an oven, generally at a tem-
perature of about 400° C. or greater until a reaction product
forms. However, when 7 1n the active material 1s hydroxide,
it 1s preferable to heat at a lower temperature so as to avoid
volatilizing water instead of incorporating hydroxyl into the
reaction product. Exemplary times and temperatures for the
reaction are given in the Examples below.

When the starting materials contain hydroxyl for incor-
poration 1nto the reaction product, the reaction temperature
1s preferably less than about 400° C., and more preferably
about 250° C. or less. One way of achieving such tempera-
tures 1s to carry out the reaction hydrothermally, as 1llus-
trated 1n Examples 15 and 16. In a hydrothermal reaction,
the starting materials are mixed with a small amount of a
liquid such as water, and placed 1n a pressurized bomb. The
reaction temperature 1s limited to that which can be achieved
by heating the liquid water under pressure.

The reaction may be carried out without redox, or if
desired under reducing or oxidizing conditions. When the
reaction 1s done without redox, the oxidation state of the
metal or mixed metals in the reaction product 1s the same as
in the starting materials. Such a scheme 1s illustrated, for
example, 1n Example 16. Oxidizing conditions may be
provided by running the reaction in air. Thus, oxygen from
the air 1s used 1n Example 12 to oxidize the starting material
cobalt having an average oxidation state of +2.67 (8/3) to an
oxidation state of +3 1n the final product.

The reaction may also be carried out with reduction. For
example, the reaction may be carried out 1n a reducing
atmosphere such as hydrogen, ammonia, methane, or a
mixture of reducing gases. Alternatively, the reduction may
be carried out 1n situ by including the reaction mixture a
reductant that will participate in the reaction to reduce the
metal M, but that will produce by-products that will not
interfere with the active material when used later 1n an
clectrode or an electrochemical cell. One convenient reduc-
tant to use to make the active materials of the invention 1s a
reducing carbon. In a preferred embodiment, the reaction 1s
carried out 1n an 1nert atmosphere such as argon, nitrogen, or
carbon dioxide. Such reducing carbon i1s convemently pro-
vided by elemental carbon, or by an organic material that can
decompose under the reaction conditions to form elemental
carbon or a similar carbon containing species that has
reducing power. Such organic materials include, without
limitation, glycerol, starch, sugars, cokes, and organic poly-
mers which carbonize or pyrolize under the reaction condi-
tions to produce a reducing form of carbon. A preferred
source of reducing carbon 1s elemental carbon. Carbother-
mal reduction 1s illustrated in Examples 7, 19, and 21.

The stoichiometry of the reduction can be selected along
with the relative stoichiometric amounts of the starting
components A, M, PO, (or other XY, moiety), and Z. It 1s
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usually easier to provide the reducing agent 1n stoichiomet-
ric excess and remove the excess, 1f desired, after the
reaction. In the case of the reducing gases and the use of
reducing carbon such as elemental carbon, any excess reduc-
ing agent does not present a problem. In the former case, the
gas 1s volatile and 1s easily separated from the reaction
mixture, while 1n the latter, the excess carbon 1n the reaction
product does not harm the properties of the active material,
because carbon 1s generally added to the active material to
form an electrode material for use in the electrochemical
cells and batteries of the invention. Conveniently also, the
by-products carbon monoxide or carbon dioxide (1in the case
of carbon) or water (in the case of hydrogen) are readily
removed from the reaction mixture.

A stoichiometry of reaction of a mixture of starting
materials with hydrogen gas 1s illustrated in the table, giving
the products formed when starting materials are reacted with
‘n’ moles of hydrogen according to the reaction:

Value of ‘n”  Reaction Product Volatile by-products

1 Li,M,(PO,);F 0.5 CO, + 3 NH; + 5.5 H,0
1.5 LizM,(PO,);F CO, + 3 NH; + 6 I,0
2.5 Li,M,P,0,F CO, + 3 NH, + 7 H,O

The extent of reduction 1s not dependent simply on the
amount of hydrogen present—it 1s always available 1n
excess. It 1s dependent on the temperature of reaction.
Higher temperatures will facilitate greater reducing power.

In addition whether one gets e.g. (PO, ) F or P,O,,F in the
final product depend on the thermodynamics of formation of
the product. The lower energy product will be favored.

At a temperature where only one mole of hydrogen reacts,
the M* in the starting material is reduced to M**, allowing,
for the incorporation of only 2 lithtums in the reaction
product. When 1.5 moles of hydrogen react, the metal 1s
reduced to M*>~ on average, considering the stoichiometry
of reduction. With 2.5 moles of hydrogen, the metal is
reduced to M**> on average. Here there is not enough
lithium 1n the balanced reaction to counterbalance along
with the metal the —10 charge of the (PO,),F group. For this
reason, the reaction product has instead a modified P O, F
moiety with a charge of -8, allowing the L1, to balance the
charge. The table illustrates how 1important 1t 1s to consider

all the stoichiometries when synthesizing the A M, (PO,) 7 ,
active materials of the invention.

When using a reducing atmosphere, 1t 1s diflicult to
provide less than an excess of reducing gas such as hydro-
gen. Under such as a situation, 1t 1s preferred to control the
stoichiometry of the reaction by the other limiting reagents,
as 1llustrated 1n the table. Alternatively the reduction may be
carried out i the presence of reducing carbon such as
clemental carbon. Experimentally, 1t would be possible to
use precise amounts of reductant carbon as 1llustrated in the
table for the case of reductant hydrogen to make products of
a chosen stoichiometry. However, 1t 1s preferred to carry out
the carbothermal reduction 1n a molar excess of carbon. As
with the reducing atmosphere, this i1s easier to do experi-
mentally, and 1t leads to a product with excess carbon
dispersed 1nto the reaction product, which as noted above
provides a useful active electrode material.

The carbothermal reduction method of synthesis of mixed
metal phosphates has been described in PCT Publication
WO/01/53198, Barker et al., incorporated by reference

herein. The carbothermal method may be used to react
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starting materials 1n the presence of reducing carbon to form
a variety of products. The carbon functions to reduce a metal
ion 1n the starting material metal M source. The reducing
carbon, for example 1n the form of elemental carbon powder,
1s mixed with the other starting materials and heated. For
best results, the temperature should be about 400° C. or
greater, and up to about 950° C. Higher temperatures may be
used, but are usually not required.

Generally, higher temperature (about 650° C. to about
1000° C.) reactions produce CO as a by-product whereas
CO, production 1s favored at lower temperatures (generally
up to about 650° C.). The higher temperature reactions
produce CO eflluent and the stoichiometry requires more
carbon be used than the case where CO,, eftfluent 1s produced
at lower temperature. This 1s because the reducing effect of
the C to CO, reaction 1s greater than the C to CO reaction.
The C to CO, reaction mvolves an increase in carbon
oxidation state of +4 (from O to 4) and the C to CO reaction
involves an 1ncrease in carbon oxidation state of +2 (from
ground state zero to 2). In principle, such would affect the
planning of the reaction, as one would have to consider not
only the stoichiometry of the reductant but also the tem-
perature of the reaction. When an excess of carbon 1s used,
however, such concerns do not arise. It 1s therefore preferred
to use an excess of carbon, and control the stoichiometry of
the reaction with another of the starting materials as limiting,
reagent.

As noted above, the active materials A, M, (XY ;). Z  of
the invention can contain a mixture of alkali metals A, a
mixture of metals B, a mixture of components 7, and a
phosphate group representative of the XY, group in the
formula. In another aspect of the mvention, the phosphate
group can be completely or partially substituted by a number
of other XY, moieties, which will also be referred to as
“phosphate replacements” or “modified phosphates™. Thus,
active matenals are provided according to the invention
wherein the XY, moiety 1s a phosphate group that 1s com-
pletely or partially replaced by such moieties as sulfate
(S0,°7), monofluoromonophosphate, (PO,F*7), difluo-
romonophosphate (PO,F*"), silicate (Si0,*"), arsenate, anti-
monate, and germanate. Analogues of the above oxygenate
anions where some or all of the oxygen 1s replaced by sulfur
are also useful in the active materials of the invention, with
the exception that the sulfate group may not be completely
substituted with sulfur. For example thiomonophosphates
may also be used as a complete or partial replacement for
phosphate in the active materials of the mmvention. Such
thiomonophosphates include the anions PO.S°", PO,S,>",
POS. ", and PS.,”". They are most conveniently available as
the sodium, lithium, or potassium derivative.

To synthesize the active materials contaiming the modified
phosphate moieties, 1t 1s usually possible to substitute all or
part of the phosphate compounds discussed above with a
source ol the replacement anion. The replacement 1s con-
sidered on a stoichiometric basis and the starting materials
providing the source of the replacement anions are provided
along with the other starting materials as discussed above.
Synthesis of the active materials containing the modified
phosphate groups proceeds as discussed above, either with-
out redox or under oxidizing or reducing conditions. As was
the case with the phosphate compounds, the compound
contaiming the modified or replacement phosphate group or
groups may also be a source of other components of the
active materials. For example, the alkali metal and/or the
mixed metal M may be a part of the modified phosphate
compound.
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Non-limiting examples of sources ol monofluoromono-
phosphates include Na,PO,F, K,PO.F, (NH,),PO,F.H,O,
LiNaPO;F.H,0, LiIKPO;F, LiNH,PO;F, NaNH,PO;F, NaK
(PO,F), and CaPO,F.2H,0O. Representative examples of
sources of difluoromonophosphate compounds 1nclude,
without limitation, NH_,PO.F,, NaPO,F,, KPO,F,,
Al(PO,F,),, and Fe(PO,F,),.

When it 1s desired to partially or completely substitute
phosphorous 1n the active materials for silicon, 1t 1s possible
to use a wide variety of silicates and other silicon containing
compounds. Thus, useful sources of silicon in the active
materials of the mvention include orthosilicates, pyrosili-
cates, cyclic silicate anions such as Si,0,°7, Si.O,, >~ and
the like and pyrocenes represented by the formula (Si0,°"), .
for example L1Al(S10,),. Silica or S10, may also be used.
Partial substitution of silicate for phosphate 1s 1llustrated 1n
Example 23.

Representative arsenate compounds that may be used to
prepare the active materials of the invention include H,AsO,,
and salts of the anions [H,AsO.]" and HAsQ,]*~. Sources
of antimonate in the active materials can be provided by
antimony- contalnmg materials such as Sb,O., M'SbO,
where M’ is a metal having oxidation state +1, MHISbO
where M™ is a metal having an oxidation state of +3, and
MzSb,O., where M” is a metal having an oxidation state of
+2. Additional sources of antimonate include compounds
such as L1,SbO,, NH,H,SbO,, and other alkali metal and/or
ammonium mixed salts of the [SbO,]°~ anion. Partial sub-
stitution of phosphate by antimonate 1s illustrated 1n
Example 24.

Sources of sulfate compounds that can be used to partially
or completely replace phosphorous 1n the active materials
with sulfur include alkali metal and transition metal sulfates
and bisulfates as well as mixed metal sulfates such as
(NH,),Fe(SO,),, NH, Fe(SO,), and the like. Finally, when 1t
1s desired to replace part or all of the phosphorous 1n the
active materials with germanium, a germanium containing
compound such as GeO, may be used.

To prepare the active materials containing the modified
phosphate groups, it suilices to choose the stoichiometry of
the starting materials based on the desired stoichiometry of
the modified phosphate groups 1n the final product and react
the starting matenals together according to the procedures
described above with respect to the phosphate materials.
Naturally, partial or complete substitution of the phosphate
group with any of the above modified or replacement
phosphate groups will entail a recalculation of the stoichi-
ometry of the required starting materials.

In a preferred embodiment, a two-step method 1s used to
prepare the general formula L1, MPO_F_which consists of
the mitial preparation of a LiMPO, compound (step 1),
which 1s then reacted with x moles of LiF to provide
L1, MPO_F (step 2). The starting (precursor) materials for
the first step include a lithium containing compound, a metal
containing compound and a phosphate containing com-
pound. Each of these compounds may be individually avail-
able or may be incorporated within the same compounds,
such as a lithium metal compound or a metal phosphate
compound.

Following the preparation in step one, step two of the
reaction proceeds to react the lithrum metal phosphate
(provided 1n step 1) with a lithhum salt, preferably lithium
fluoride (LiF). The LiF 1s mixed in proportion with the
lithium metal phosphate to provide a lithuated transition
metal fluorophosphate product. The lithiated transition metal
fluorophosphate has the capacity to provide lithium 10ns for
clectrochemical potential.
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In addition to the previously described two-step method,
a one step reaction method may be used 1n preparing such
preferred materials of the present invention. In one method
of this invention, the starting materials are mtimately mixed
and then reacted together when 1nitiated by heat. In general,
the mixed powders are pressed ito a pellet. The pellet 1s
then heated to an elevated temperature. This reaction can be
run under an air atmosphere or a non-oxidizing atmosphere.
In another method, the lithium metal phosphate compound
used as a precursor for the lithiated transition metal fluoro-
phosphate reaction can be formed either by a carbothermal
reaction, or by a hydrogen reduction reaction.

The general aspects of the above synthesis route are
applicable to a variety of starting matenials. The metal
compounds may be reduced 1n the presence of a reducing
agent, such as hydrogen or carbon. The same considerations
apply to other metal and phosphate containing starting
maternials. The thermodynamic considerations such as ease
of reduction of the selected starting materials, the reaction
kinetics, and the melting point of the salts will cause
adjustment 1n the general procedure, such as the amount of

reducing agent, the temperature of the reaction, and the
dwell time.

The first step of a preferred two-step method includes
reacting a lithium containing compound (lithium carbonate,
L1,CO,), a metal containing compound having a phosphate
group (for example, nickel phosphate, Ni,(PO,),.xH,O,
which usually has more than one mole of water), and a
phosphoric acid derivative (such as a diammonium hydro-
gen phosphate, DAHP). The powders are pre-mixed with a
mortar and pestle until uniformly dispersed, although vari-
ous methods of mixing may be used. The mixed powders of
the starting materials are pressed into pellets. The first stage
reaction 1s conducted by heating the pellets 1n an oven at a
preferred heating rate to an elevated temperature, and held
at such elevated temperature for several hours. A preferred
ramp rate ol about 2° C./minute 1s used to heat to a
preferable temperature of about 800° C. Although 1n many
instances a heating rate 1s desirable for a reaction, it 1s not
always necessary for the success of the reaction. The reac-
tion 1s carried out under a flowing air atmosphere (e.g., when
M 1s N1 or Co), although the reaction could be carried out 1n
an 1nert atmosphere such as N, or Ar (when M 1s Fe). The
flow rate will depend on the size of the oven and the quantity
needed to maintain the atmosphere. The reaction mixture 1s
held at the elevated temperature for a time suflicient for the
reaction product to be formed. The pellets are then allowed
to cool to ambient temperature. The rate at which a sample
1s cooled may vary.

In the second step, the Li,MPO,F active material 1s
prepared by reacting the LiMPO,, precursor made in step one
with a lithium salt, preferably lithium fluoride LiF. Alterna-
tively, the precursors may include a lithium salt other than
a halide (for example, lithium carbonate) and a halide
maternial other than lithium fluonide (for example ammonium
fluoride). The precursors for step 2 are mnitially pre-mixed
using a mortar and pestle until uniformly dispersed. The
mixture 1s then pelletized, for example by using a manual
pellet press and an approximate 1.5" diameter die-set. The
resulting pellet 1s preferably about 5 mm thick and uniform.
The pellets are then transferred to a temperature-controlled
tube furnace and heated at a preferred ramp rate of about 2°
C./minute to an ultimate temperature of about 800° C. The
entire reaction 1s conducted 1n a flowing argon gas atmo-
sphere. Prior to being removed from the box oven, the pellet
1s allowed to cool to room temperature. As stated previously,
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the rate 1n which the pellet 1s cooled does not seem to have
a direct impact on the product.

Examples 1-6, and 8 illustrate the two step process
described above, while Examples 7, 11, 12, and 13 show a
one-step procedure. Example 9 gives a two-step procedure
for making sodium-containing active materials of the inven-
tion.

An alternate embodiment of the present invention 1s the
preparation of a mixed metal-lithium fluorophosphate com-
pound. Example 6 demonstrates the two stage reaction
resulting 1n the general nominal formula Li,M' M",_ PO_F
wherein 0=x<1. In general, a lithium or other alkali metal
compound, at least two metal compounds, and a phosphate
compound are reacted together 1n a first step to provide a
lithium mixed metal phosphate precursor. As previously
described in other reactions, the powders are mixed together
and pelletized. The pellet 1s then transierred to a tempera-
ture-controlled tube furnace equipped with a flowing inert
gas (such as argon). The sample 1s then heated for example
at a ramp rate ol about 2° C./minute to an ultimate tem-
perature of about 750° C. and maintained at this temperature
for eight hours or until a reaction product 1s formed. As can
be seen 1n various examples, the specific temperatures used
vary depending on what mitial compounds were used to
form the precursor, but the standards described 1n no way
limit the application of the present invention to various
compounds. In particular, a high temperature 1s desirable
due to the carbothermal reaction occurring during the for-
mation of the precursor. Following the heating of the pellet
for a specified period of time, the pellet was cooled to room
temperature.

The second stage provides the reaction of the lithium
mixed metal phosphate compound with an alkali metal
halide such as lithium fluoride. Following the making of the
pellet from the lithtum mixed metal phosphate precursor and
the lithium fluoride, the pellet 1s placed inside a covered and
sealed nickel crucible and transferred to a box oven. In
general, the nickel crucible 1s a convenient enclosure for the
pellet although other suitable containers, such as a ceramic
crucible, may also be used. The sample 1s then heated
rapidly to an ultimate temperature of about 700° C. and
maintained at this temperature for about 15 minutes. The
crucible 1s then removed from the box oven and cooled to
room temperature. The result 1s a lithiated transition metal
fluorophosphate compound of the present invention.

In addition to the general nominal formula Li,M' M",__
PO, F, a non-stoichiometric mixed metal lithium fluorophos-
phate having the general nominal formula Li, M' M",_
PO F, 1s provided i Example 8. The same conditions are
met when preparing the non-stoichiometric formula as are
tollowed when preparing the stoichiometric formula, such as
Example 6. In Example 8, the mole ratio of lithiated tran-
sition metal phosphate precursor to lithium fluoride 1s about
1.0 to 0.25. The precursor compounds are pre-mixed using
a mortar and pestle and then pelletized. The pellet 1s then
placed inside a covered and sealed crucible and transterred
to a box oven. The sample 1s rapidly heated to an ultimate
temperature of about 700° C. and maintained at this tem-
perature for about 15 minutes. Similar conditions apply
when preparing the nominal general formula L1, . MPO_F .

Referring back to the discussion of the lithium fluonide
and metal phosphate reaction, the temperature of reaction 1s
preferably about 400° C. or higher but below the melting
point of the metal phosphate, and more preferably at about
700° C. It 1s preferred to heat the precursors at a ramp rate
in a range from a fraction of a degree to about 10° C. per
minute and preferably about 2° C. per minute. Once the
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desired temperature 1s attained, the reactions are held at the
reaction temperature from about 10 minutes to several
hours, depending on the reaction temperature chosen. The
heating may be conducted under an air atmosphere, or i
desired may be conducted under a non-oxidizing or inert
atmosphere. After reaction, the products are cooled from the
clevated temperature to ambient (room) temperature (1.e.
from about 10° C. to about 40° C.). Desirably, the cooling
occurs at a rate of about 350° C./minute. Such cooling has
been found to be adequate to achieve the desired structure of
the final product 1n some cases. It 1s also possible to quench
the products at a cooling rate on the order of about 100°
C./minute. In some 1nstances, such rapid cooling may be
preferred. A generalized rate of cooling has not been found
applicable for certain cases, therefore the suggested cooling
requirements vary.

Electrodes:

The present 1nvention also provides electrodes compris-
ing an electrode active material of the present invention. In
a preferred embodiment, the electrodes of the present inven-
tion comprise an electrode active material of this invention,
a binder; and an electrically conductive carbonaceous mate-
rial.

In a preferred embodiment, the electrodes of this inven-
tion comprise:

(a) from about 25% to about 93%, more preferably from
about 50% to about 90%, active material;

(b) from about 2% to about 95% electrically conductive
material (e.g., carbon black); and

(c) from about 3% to about 20% binder chosen to hold all
particulate materials 1n contact with one another without
degrading 1onic conductivity.

(Unless stated otherwise, all percentages herein are by
weight.) Cathodes of this mmvention preferably comprise
from about 50% to about 90% of active material, about 5%
to about 30% of the electrically conductive material, and the
balance comprising binder. Anodes of this mvention pret-
erably comprise from about 50% to about 95% by weight of
the electrically conductive material (e.g., a preferred graph-
ite), with the balance comprising binder.

Electrically conductive matenals among those usetul
herein include carbon black, graphite, powdered nickel,
metal particles, conductive polymers (e.g., characterized by
a conjugated network of double bonds like polypyrrole and
polyacetylene), and mixtures thereof. Binders usetul herein
preferably comprise a polymeric material and extractable
plasticizer suitable for forming a bound porous composite.
Preferred binders include halogenated hydrocarbon poly-
mers (such as poly(vinylidene chloride) and poly((dichloro-
1.4-phenylene)ethylene), fluorinated urethanes, fluorinated
epoxides, fluorinated acrylics, copolymers of halogenated
hydrocarbon polymers, epoxides, ethylene propylene
diamine termonomer (EPDM), ethylene propylene diamine
termonomer (EPDM), polyvinylidene difluoride (PVDEF),
hexatluoropropylene (HFP), ethylene acrylic acid copoly-
mer (EAA), ethylene vinyl acetate copolymer (EVA), EAA/
EVA copolymers, PVDF/HFP copolymers, and mixtures
thereol.

In a preferred process for making an electrode, the elec-
trode active material 1s mixed 1nto a slurry with a polymeric
binder compound, a solvent, a plasticizer, and optionally the
clectroconductive material. The active material slurry 1is
approprately agitated, and then thinly applied to a substrate
via a doctor blade. The substrate can be a removable
substrate or a functional substrate, such as a current collector
(for example, a metallic grid or mesh layer) attached to one
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side of the electrode film. In one embodiment, heat or
radiation 1s applied to evaporate the solvent from the elec-
trode film, leaving a solid residue. The electrode film 1s
further consolidated, where heat and pressure are applied to
the film to sinter and calendar 1t. In another embodiment, the
film may be air-dried at moderate temperature to yield
self-supporting films of copolymer composition. If the sub-
strate 1s ol a removable type 1t 1s removed from the electrode
film, and further laminated to a current collector. With either
type of substrate it may be necessary to extract the remaining
plasticizer prior to incorporation into the battery cell.

Batteries:
The batteries of the present invention comprise:

(a) a first electrode comprising an active material of the
present mvention;

(b) a second electrode which 1s a counter-electrode to said
first electrode; and

(c) an electrolyte between said electrodes.

The electrode active material of this invention may comprise
the anode, the cathode, or both. Preferably, the electrode
active material comprises the cathode.

The active material of the second, counter-electrode 1s any
material compatible with the electrode active material of this
invention. In embodiments where the electrode active mate-
rial comprises the cathode, the anode may comprise any of
a variety of compatible anodic materials well known 1n the
art, including lithium, lithium alloys, such as alloys of
lithium with aluminum, mercury, manganese, 1ron, zinc, and
intercalation based anodes such as those employing carbon,
tungsten oxides, and mixtures thereof. In a preferred
embodiment, the anode comprises:

(a) from about 0% to about 95%, preferably from about 25%
to about 95%, more preferably from about 50% to about
90%, of an i1nsertion material;

(b) from about 2% to about 93% electrically conductive
material (e.g., carbon black); and

(c) from about 3% to about 20% binder chosen to hold all
particulate materials 1n contact with one another without
degrading 1onic conductivity.

In a particularly preferred embodiment, the anode comprises
from about 50% to about 90% of an insertion material
selected from the group active material from the group
consisting of metal oxides (particularly transition metal
oxides), metal chalcogenides, and mixtures thereof. In
another preferred embodiment, the anode does not contain
an 1nsertion active, but the electrically conductive material
comprises an insertion matrix comprising carbon, graphite,
cokes, mesocarbons and mixtures thereof. One preferred
anode 1intercalation material 1s carbon, such as coke or
graphite, which 1s capable of forming the compound L1 C.
Insertion anodes among those useful herein are described 1n

U.S. Pat. No. 5,700,298, Shi et al., 1ssued Dec. 23, 1997;
U.S. Pat. No. 5,712,059, Barker et al., 1ssued Jan. 27, 1998;
U.S. Pat. No. 5,830,602, Barker et al., 1ssued Nov. 3, 1998;
and U.S. Pat. No. 6,103,419, Saidi et al., 1ssued Aug. 15,
2000; all of which are incorporated by reference herein.

In embodiments where the electrode active material com-

prises the anode, the cathode preferably comprises:

(a) from about 25% to about 95%, more preferably from
about 50% to about 90%, active material;

(b) from about 2% to about 95% electrically conductive
material (e.g., carbon black); and

(c) from about 3% to about 20% binder chosen to hold all
particulate materials 1n contact with one another without
degrading 1onic conductivity.
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Active materials useful 1n such cathodes include electrode
active materials of this invention, as well as metal oxides
(particularly transition metal oxides), metal chalcogenides,
and mixtures thereof. Other active materials include lithiated
transition metal oxides such as LiCoQO,, LiN10O,, and mixed
transition metal oxides such as LiCo, Ni1,_ O,, where O<x<1.
Another preferred active material includes lithuated spinel
active materials exemplified by compositions having a struc-
ture of LiMn,O,,, as well as surtace treated spinels such as
disclosed 1n U.S. Pat. No. 6,183,718, Barker et al., 1ssued
Feb. 6, 2001, mcorporated by reference herein. Blends of
two or more of any of the above active materials may also
be used. The cathode may alternatively further comprise a
basic compound to protect against electrode degradation as
described 1n U.S. Pat. No. 5,869,207, 1ssued Feb. 9, 1999,
incorporated by reference herein.

The batteries of this mvention also comprise a suitable
clectrolyte that provides for transfer of 1ons between the
cathode and anode. The electrolyte 1s preferably a matenial
that exhibits high 1onic conductivity, as well as having
insular properties to prevent seli-discharging during storage.
The electrolyte can be either a liquid or a solid. Solid
clectrolytes preferably comprise a polymeric matrix which
contains an 1onic conductive medium. A liquid electrolyte
preferably comprises a solvent and an alkali metal salt that
form an 1onically conducting liquid.

One preferred embodiment 1s a solid polymeric electro-
lyte, comprising a solid polymeric matrix of an electrolyte
compatible material formed by polymerizing an organic or
inorganic monomer (or partial polymer thereof) and which,
when used 1n combination with the other components of the
clectrolyte, results 1n a solid state electrolyte. Suitable solid
polymeric matrices include those well known 1n the art and
include solid matrices formed from organic polymers, 1nor-
ganic polymers or a solid matrix forming monomer and from
partial polymers of a solid matrix forming monomer.

The polymeric electrolyte matrix comprises a salt, typi-
cally morganic, which 1s homogeneously dispersed via a
solvent vehicle throughout the matrix. The solvent 1s prei-
erably a low molecular weight organic solvent added to the
clectrolyte, which may serve the purpose of solvating the
inorganic 1on salt. The solvent 1s preferably any compatible,
relatively non-volatile, aprotic, relatively polar solvent,
including dimethyl carbonaten (DMC), diethyl carbonate
(DEC), dipropylcarbonate (DPC), ethyl methyl carbonate
(EMC), butylene carbonate, gamma-butyrolactone, trig-
lyme, tetraglyme, lactones, esters, dimethylsulfoxide, diox-
olane, sulfolane, and mixtures thereof. Preferred solvents
include EC/DMC, EC/DEC, EC/DPC and EC/EMC. Pret-
erably, the morganic 1on salt 1s a lithium or sodium salt, such
as for example, LiAsF., LiPF., LiCl1O,, LiB(C/H.)..
L1AICl,, L1Br, and mixtures thereof, with the less toxic salts
being preferable. The salt content 1s preferably from about
5% to about 65%, preferably from about 8% to about 35%.
A preferred embodiment 1s a mixture of EC:DMC:LiPF, in
a weight ratio of about 60:30:10. Electrolyte compositions
among those useful herein are described 1n U.S. Pat. No
5,418,091, Gozdz et al., 1ssued May 23, 19935; U.S. Pat. No.
5,508,130, Golovin, 1ssued Apr. 16, 1996; U.S. Pat. No.
5,541,020, Golovin et al., 1ssued Jul. 30, 1996; U.S. Pat. No.
5,620,810, Golovin et al., issued Apr. 135, 1997; U.S. Pat. No.
5,643,695, Barker et al., 1ssued Jul. 1, 1997; U.S. Pat. No.
5,712,059, Barker et al., 1ssued Jan. 27, 1997; U.S. Pat. No.
5,851,504, Barker et al., 1ssued Dec. 22, 1998; U.S. Pat. No.
6,020,087, Gao, 1ssued Feb. 1, 2001; and U.S. Pat. No.
6,103,419, Said1 et al., 1ssued Aug. 15, 2000; all of which are

incorporated by reference herein.
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Additionally, the electrolyte comprises a separator, or 1s
surrounded by a separator membrane. The separator allows
the migration of 1ons through the membrane while still
providing a physical separation of the electric charge
between the electrodes, to prevent short-circuiting. Prefer-
ably, the separator also inhibits elevated temperatures within
the battery that can occur due to uncontrolled reactions,
preferably by degrading upon high temperatures to provide
infinite resistance to prevent further uncontrolled reactions.
In a preferred embodiment, the polymeric matrix of the
clectrolyte can contain an additional polymer (a separator)
or the original polymeric matrix itself may function as a
separator, providing the physical 1solation needed between
the anode and cathode.

A preferred electrolyte separator film comprises approxi-
mately two parts polymer for every one part of a preferred
fumed silica. The conductive solvent comprises any number
ol suitable solvents and salts. Desirable solvents and salts

are described in U.S. Pat. No. 5,643,695, Barker et al.,
1ssued Jul. 1, 1997; and U.S. Pat. No. 5,418,091, Gozdz et
al., 1ssued May 23, 1995; both of which are incorporated by
reference herein. One example 1s a mixture of EC:DMC:

Li1PF. 1n a weight ratio of about 60:30:10.

A separator membrane element 1s generally polymeric and

prepared from a composition comprising a copolymer. A
preferred composition 1s the 75 to 92% vinylidene fluoride
with 8 to 25% hexatluoropropylene copolymer (available
commercially from Atochem North America as Kynar
FLEX) and an organic solvent plasticizer. Such a copolymer
composition 1s also preferred for the preparation of the
clectrode membrane elements, since subsequent laminate
interface compatibility 1s ensured. The plasticizing solvent
may be one of the various organic compounds commonly
used as solvents for electrolyte salts, e.g., propylene car-
bonate or ethylene carbonate, as well as mixtures of these
compounds. Higher-boiling plasticizer compounds such as
dibutyl phthalate, dimethyl phthalate, diethyl phthalate, and
tris butoxyethyl phosphate are preferred. Inorganmic filler
adjuncts, such as fumed alumina or silanized fumed silica,
may be used to enhance the physical strength and melt
viscosity of a separator membrane and, 1n some composi-
tions, to 1increase the subsequent level of electrolyte solution
absorption.

A preferred battery comprises a laminated cell structure,
comprising an anode layer, a cathode layer, and electrolyte/
separator between the anode and cathode layers. The anode
and cathode layers comprise a current collector. A preferred
current collector 1s a copper collector foil, preferably 1n the
form of an open mesh grid. The current collector 1s con-
nected to an external current collector tab, for a description
of tabs and collectors. Such structures are disclosed 1n, for
example, U.S. Pat. No. 4,925,752, Fauteux et al, 1ssued May
15, 1990; U.S. Pat. No. 5,011,501, Shackle et al., 1ssued Apr.
30, 1991; and U.S. Pat. No. 5,326,633, Chang, 1ssued Jul. 3,
1994; all of which are incorporated by reference herein. In
a battery embodiment comprising multiple electrochemaical
cells, the anode tabs are preferably welded together and
connected to a nickel lead. The cathode tabs are similarly
welded and connected to a welded lead, whereby each lead
torms the polarized access points for the external load.

Lamination of assembled cell structures 1s accomplished
by conventional means by pressing between metal plates at
a temperature of about 120-160° C. Subsequent to lamina-
tion, the battery cell material may be stored either with the
retained plasticizer or as a dry sheet after extraction of the
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plasticizer with a selective low-boiling point solvent. The
plasticizer extraction solvent 1s not critical, and methanol or
cther are often used.

In a preferred embodiment, a electrode membrane com-
prising the electrode active material (e.g., an 1insertion mate-
rial such as carbon or graphite or a insertion compound)
dispersed 1n a polymeric binder matrix. The electrolyte/
separator {llm membrane 1s preferably a plasticized copoly-
mer, comprising a polymeric separator and a suitable elec-
trolyte for 1on transport. The electrolyte/separator 1s
positioned upon the electrode element and 1s covered with a
positive electrode membrane comprising a composition of a
finely divided lithtum 1insertion compound 1n a polymeric
binder matrix. An aluminum collector foil or grid completes
the assembly. A protective bagging material covers the cell
and prevents infiltration of air and moisture.

In another embodiment, a multi-cell battery configuration
may be prepared with copper current collector, a negative
clectrode, an electrolyte/separator, a positive electrode, and
an aluminum current collector. Tabs of the current collector
clements form respective terminals for the battery structure.

In a preferred embodiment of a lithium-ion battery, a
current collector layer of aluminum foil or grid 1s overlaid
with a positive electrode film, or membrane, separately
prepared as a coated layer of a dispersion of insertion
clectrode composition. This 1s preferably an insertion com-
pound such as the active material of the present invention in
powder form 1n a copolymer matrix solution, which 1s dried
to form the positive electrode. An electrolyte/separator
membrane 1s formed as a dried coating of a composition
comprising a solution containing VdF:HFP copolymer and a
plasticizer solvent 1s then overlaid on the positive electrode
film. A negative electrode membrane formed as a dried
coating of a powdered carbon or other negative electrode
material dispersion in a VdF:HFP copolymer matrix solution
1s similarly overlaid on the separator membrane layer. A
copper current collector foil or grid 1s laid upon the negative
clectrode layer to complete the cell assembly. Theretfore, the
VdF:HFP copolymer composition 1s used as a binder 1n all
of the major cell components, positive electrode film, nega-
tive electrode film, and electrolyte/separator membrane. The
assembled components are then heated under pressure to
achieve heat-fusion bonding between the plasticized copoly-
mer matrix electrode and electrolyte components, and to the
collector grids, to thereby form an effective laminate of cell
clements. This produces an essentially unitary and flexible
battery cell structure.

Cells comprising electrodes, electrolytes and other mate-
rials among those useful herein are described in the follow-
ing documents, all of which are incorporated by reference
herein: U.S. Pat. No. 4,668,595, Yoshino et al., issued May
26, 1987: U.S. Pat. No. 4,792,504, Schwab et al., 1ssued
Dec. 20, 1988; U.S. Pat. No. 4,830,939, Lee et al., 1ssued
May 16, 1989; U.S. Pat. No. 4,935,317, Fauteaux et al.,
1ssued Jun. 19, 1980; U.S. Pat. No. 4,990,413, Lee et al.,
1ssued Feb. 5, 1991; U.S. Pat. No. 5,037,712, Shackle et al.,
1ssued Aug. 6, 1991 U.S. Pat. No. 5,262,253, Golovin,
issued Nov. 16, 1993 U.S. Pat. No. 5,300,373, Shackle,
1ssued Apr. 5, 1994; U.S. Pat. No. 5,399,447, Chaloner-Gill,
et al., 1ssued Mar. 21, 1995; U.S. Pat. No. 5,411,820,
Chaloner-Gill, 1ssued May 2, 19935; U.S. Pat. No. 5,435,034,
Tonder et al., 1ssued Jul. 25, 1995; U.S. Pat. No. 5,463,179,
Chaloner-Gill et al., 1ssued Oct. 31, 1995; U.S. Pat. No.
5,482,795, Chaloner-Gaill., 1ssued Jan. 9, 1996; U.S. Pat. No.
5,660,948, Barker, 1ssued Sep. 16, 1995; and U.S. Pat. No.
6,306,215, Larkin, 1ssued Oct. 23, 2001. A preferred elec-

trolyte matrix comprises organic polymers, including VdF:
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HFP. Examples of casting, lamination and formation of cells
using VAF:HFP are as described in U.S. Pat. Nos. 5,418,091,
Gozdz et al., 1ssued May 23, 1995; U.S. Pat. No. 5,460,904,
Gozdz et al.,, 1ssued Oct. 24, 1995; U.S. Pat. No. 5,456,000,
Gozdz et al., 1ssued Oct. 10, 1995; and U.S. Pat. No.
5,540,741, Gozdz et al., 1ssued Jul. 30, 1996; all of which are

incorporated by reference herein.

The electrochemical cell architecture 1s typically gov-
ermned by the electrolyte phase. A liquid electrolyte battery
generally has a cylindrical shape, with a thick protective
cover to prevent leakage of the internal liqmd. Liquid
clectrolyte batteries tend to be bulkier relative to sohid
clectrolyte batteries due to the liquid phase and extensive
sealed cover. A solid electrolyte battery, 1s capable of min-
1aturization, and can be shaped into a thin film. This capa-
bility allows for a much greater flexibility when shaping the
battery and configuring the receiving apparatus. The solid
state polymer electrolyte cells can form flat sheets or pris-
matic (rectangular) packages, which can be modified to fit
into the existing void spaces remaining in electronic devices
during the design phase.

The following non-limiting examples illustrate the com-
positions and methods of the present mnvention.

EXAMPLE 1

An electrode active material comprising L.1,N1PO,F, rep-
resentative of the formula L1, N1PO_F , 1s made as follows.
First, a LiN1PO,, precursor 1s made according to the follow-
ing reaction scheme.

_h-

0.5 Li,CO; + 0.334 Ni3(POy)»7H,O + 0.334 (NHy),F

>0,

LiNiPO, + 2.833H,0 + 0.667NH; + 0.5CO,

A mixture of 36.95 g (0.5 mol) of L1,CO,, 164.01 (0.334
mol) of N1,(PO,),.7H,0O, and 44.11 g (0.334 mol) of (NH_),
HPO, 1s made, using a mortar and pestle. The mixture is
pelletized, and transferred to a box oven equipped with a
atmospheric air gas flow. The mixture 1s heated, at a ramp
rate of about 2° C. minute to an ultimate temperature of
about 800° C., and maintained at this temperature for 16
hours. The product i1s then cooled to ambient temperature

(about 21° C.).

L1, NiPO,F _1s then made from the LiN1PO, precursor.
In the _Jxample that follows, x 1s 1.0, so that the active
maternal produced 1s represented by the formula L1,N1PO_F.
The material 1s made according to the following reaction
scheme.

LiNiPO, + xLiF — Li,;,,NiPO,F,

For x equal to 1.0, a mixture of 160.85 (1 mol) LiN1PO,, and
25.94 g (1 mol) LiF 1s made, using a mortar and pestle. The
mixture 1s pelletized, and transferred to a temperature-
controlled tube furnace equipped with a argon gas flow. The
mixture 1s heated at a ramp rate of about 2°/minute to an
ultimate temperature of about 850° C. The product 1s then
cooled to ambient temperature (about 20° C.).

A cathode electrode 1s made comprising the L1,N1PO_F
clectrode active matenial, comprising 80% of the electrode
active material; 8% Super P carbon; and 12% KYNAR®
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binder. (KYNAR® 1s a commercially available PVdF:HFP
copolymer used as binder material.) A battery 1s made
comprising the cathode, a lithium metal anode, and an

clectrolyte comprising a 1 molar LiPF. dissolved 1n a 2:1
weilght ratio mixture of EC and DMC.

EXAMPLE 2

An electrode active material comprising L1, CoPO_F 1s
made as follows. First, a L1CoPO, precursor 1s made accord-
ing to the following reaction scheme.

0.334Li;PO, + 0.334 Coy(PO,)».8H,0 —

LiCoPO; + 2.833 H,0O

A mixture of 38.6 g (0.334 mol) of Li,PO, and 170.29 g
(0.334 mol) of Co,(PO,),.8H,O 1s made, using a mortar and
pestle. The mixture 1s pelletized, and transferred to a box
oven equipped with a atmosphere air gas flow. The mixture
1s heated at a ramp rate of about 2°/minute to an ultimate
temperature ol about 800° C., and maintained at this tem-
perature for about 8 hours. The product 1s then cooled to
about 25° C.

L1,, CoPO,F_1s then made from the LiCoPO, precursor
according to the following reaction scheme.

LiCoPO, + xLiF — Li, . CoPO,F,

Illustrative for x equals 1.0, a mixture of 160.85 g (1.0 mol)
of L1CoPO, and 25.94 g (1.0 mol) of LiF 1s made using a
mortar and pestle. The mixture 1s then pelletized, and
transferred to a temperature-controlled tube furnace
equipped with an argon gas tlow. The mixture 1s heated at a
ramp rate of about 2° C./minute to an ultimate temperature
of about 750° C. 1n the flowing argon gas atmosphere. The

product 1s then cooled to ambient temperature (about 21°
C.).

EXAMPLE 3

An electrode active material comprising L1, . FePO_F_ 1s
made as follows. First, a LiFePO, precursor 1s made accord-
ing to the following reaction scheme.

T 05C —™

1.0 LiH,POy + 0.5 FerO5

LiFePO4 + 05CO + 1.0 HyO

A mixture of 103.93 (1.0 mol) of L1H,PO,, 79.86 g (0.5 mol)
of Fe,O,, and 12.0 g (1.0 mol) of carbon (a 100% weight
excess) 1s made, using a mortar and pestle. The mixture 1s
pelletized, and transferred to a temperature-controlled tube
furnace equipped with a argon gas flow. The mixture is
heated at a ramp rate of about 2° C./minute to an ultimate
temperature of about 750° C. 1n the inert atmosphere, and
maintained at this temperature for about 8 hours. The
product 1s then cooled to ambient temperature (about 20°
C.).

The L1, FePO/F_1s then from the LiFePO, precursor
according to the following reaction scheme.
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LiFePO, + xLiF — Li,, FePO,F,

For the case where x=1.0, a mixture of 157.76 g (1.0 mol)
of LiFePO, and 25.94 g (1.0 mol) of LiF 1s made using a
mortar and pestle. The mixture 1s pelletized, and transterred
to a temperature-controlled tube furnace equipped with a
flowing argon gas tlow. The mixture 1s heated at a ramp rate
of about 2°/minute to an ultimate temperature of about 750°

C. 1n the mert atmosphere, and maintained at this tempera-
ture for about 8 hours. The product 1s then cooled to ambient
temperature (about 18° C.).

EXAMPLE 4

An electrode active material comprising L1, . MnPO_F_1s
made as follows, specifically exemplified for x=1.0. First, a
LiMnPO, precursor 1s made by the following reaction
scheme.

_h-

0.5 LpCO; — 1.OMnO

1.0 (NHy),F
+ 2.0NH; +

PO,

LiMnPOy4 1.5 HO + 0.5C0O,

A mixture of 36.95 g (0.5 mol) of L1,CO4, 70.94 ¢ (1.0 mol)
of MnO, and 132.06 g (1.0 mol) of (NH,),HPO,, 1s made,
using a mortar and pestle. The mixture 1s pelletized, and
transierred to a box oven equipped with a argon gas tlow.
The mixture 1s heated at a ramp rate of about 2°/minute to
an ultimate temperature of about 700° C. and maintained at
this temperature for about 24 hours. The product 1s then
cooled to ambient temperature.

The L1, MnPO_F _1s then from the LiMnPO, precursor
by the following reaction scheme.

LiMnPO, + xLiF — Lij+MnPO,F,

For x=1.0, a mixture of 156.85 g (1.0 mol) of LiMnPO,, and
25.94 ¢ (1.0 mol) of LiF 1s made using a mortar and pestle.
The mixture 1s pelletized, and transferred to a temperature-
controlled tube furnace equipped with an argon gas flow.
The mixture 1s heated at a ramp rate of about 2°/minute to
an ultimate temperature of about 725° C. 1in the argon gas

atmosphere. The product 1s then cooled to ambient tempera-
ture.

EXAMPLE 5

An electrode active material comprising L1, CuPO_F 1s
made as follows. First, a LiCuPO, precursor 1s made by the
following reaction scheme.

_h.

05Li,CO; + 10Cu0O +

1.0 (NH,),F
+ 20NH; +

PO,

LiCuPO, 1.5H,0 + 0.5C0,

A mixture 01 36.95 g (0.5 mol) of L1,CO;, 79.95 g (1.0 mol)
of CuQ, and 132.06 g (1.0 mol) of (NH,),HPO,, 1s made
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using a mortar and pestle. The mixture 1s pelletized, and
transferred to a box oven equipped with an air flow. The
mixture 1s heated at a ramp rate of about 2°/minute to an
ultimate temperature of about 600° maintained at this tem-
perature for about 8 hours. The product 1s then cooled to
ambient temperature.

The L1, CuPO_F_ 1s then made from the LiCuPO, pre-
cursor by the following reaction scheme.

LiCuPO4 + xLiF — L1+ CuPO4k

[lustrating for x=1.0, a mixture of 165.46 g (1.0 mol) of
LiCuPO, and 25.94 g (1.0 mol) ot LiF 1s made using a mortar
and pestle, and pelletized. The mixture 1s placed inside a
covered and sealed nickel crucible and transferred to a box
oven. The mixture 1s heated rapidly (>50° C./min) to an
ultimate temperature of about 600° C. and maintained at this
temperature for about 15 minutes. The product i1s then
cooled to ambient temperature.

EXAMPLE 6

An clectrode active material comprising

Li,Fe, Mg, ,PO_F, representative of the formula A, M', _,
M" PO,F ., 1s made as follows. First, a LiFe, ;Mg, ,PO,

precursor 1s made according to the following reaction
scheme.

0.50 Li,CO3 + 0.45 Fe, O3 + 0.10 Mg(OH), +

—

(NH,),HPO, + 0.45C

LiFegoMgo PO, + 0.50C0O, + 045CO + 20NH; + 1.6 H,0

A mixture of 36.95 g (0.50 mol) of L1,CO,, 71.86 g (0.45
mol) of Fe,0,, 5.83 g (0.10 mol) of 0.10 Mg(OH),, 132.06
g (1.0 mol) of (NH,),HPO,, and 10.8 g (0.90 g-mol, 100%
excess) of carbon 1s made, using a mortar and pestle. The
mixture 1s pelletized, and transferred to a temperature-
controlled tube furnace equipped with an argon gas flow.
The mixture 1s heated at a ramp rate of about 2° C./minute
to an ultimate temperature of about 750° C. in the inert
atmosphere and maintained at this temperature for about 8

hours. The product 1s then cooled to ambient temperature
(about 22° C.).

The Li,, Fe Mg, ,POF._ 1s then made from the

LiFe Mg, PO, precursor, according to the following reac-
tion scheme, where x equals 1.0.

LiFﬂg_gMg@_lPO4 + LiF ——» LiFEo_gMgg_lPO4F

A mixture of 1.082 g LiFe, Mg, PO, and 0.181 g LiF 1s
made using a mortar and pestle. The mixture 1s pelletized,
placed 1n a covered and sealed nickel crucible, and trans-
ferred to a box oven 1n an inert (argon) atmosphere. The
mixture 1s heated rapidly to an ultimate temperature of 700°
C. 1n the mert atmosphere, and maintained at this tempera-
ture for about 15 minutes. The product 1s cooled to ambient
temperature (about 21° C.).
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EXAMPLE 7

An electrode active material of formula
Li,Fe, ;Mg, ,POLF, 1s made by the following alternative
reaction scheme.

0.5 Li,CO; + 045Fe,0; + 0.1 Mg(OH), + (NHy)E

PO, +

045C + LifF ———

Li;FegoMgo (PO,F  + 0.5C0O, + 045C0O + 2NH; + 1.6H,0

In this example, the product of Example 6 1s made 1n a single
step from starting materials that contain an alkali metal
compound, two different metal sources, a phosphate com-
pound and an alkali metal halide, exemplified by lithium
fluoride. The starting materials 1n molar amounts as 1ndi-
cated 1n the equation are combined, mixed, and pelletized.
The sample 1s heated 1n an oven at a ramp rate of 2° per
minute to an ultimate temperature of 750° C. and maintained
at this temperature for 8 hours. At this temperature, carbon
monoxide 1s the material predominantly formed from the
carbon.

EXAMPLE 3

An clectrode active material comprising,

Lil_zﬁl?e,:,_9,Mg,3,_lPO4FD_25 1s made according to the following
reaction scheme.

1.0 LiFﬁo_gMgg_lPO4 + x LiF — Li1+KF60_gMgD_1PO4FK

For x equal to 0.25, 1.082 grams of LiFe, ; Mg, , PO, (made
as 1n Example 6) and 0.044 grams of LiF are premixed and
pelletized, transterred to an oven and heated to an ultimate
temperature of 700° C. and maintained for 15 minutes at this
temperature. The sample 1s cooled and removed from the
oven. Almost no weight loss 1s recorded for the reaction,
consistent with full incorporation of the lithium fluoride into
the phosphate structure to make an active material of for-
mula L1, ,.Fe, ; Mg, ,PO.F, ,-.

EXAMPLE 9

An electrode active material comprising Na, ,VPO,F, , 1s
made as follows. In a first step, a metal phosphate 1s made
by carbothermal reduction of a metal oxide, here exempli-
fied by vanadium pentoxide. The overall reaction scheme of
the carbothermal reduction 1s as follows.

05V,0s + NH,H,PO, + C — VPO, + NH; +

1.5H,O + CO

31.5 grams of VPO, 39.35 grams of NH,H,PO, and 4.5
grams of carbon (10% excess) are used. The precursors are
premixed using a mortar and pestle and then pelletized. The
pellet 1s transferred to an oven equipped with a flowing air
atmosphere. The sample 1s heated at a ramp rate of 2° per
minute to an ultimate temperature of 300° C. and maintained
at this temperature for three hours. The sample 1s cooled to
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room temperature, removed from the oven, recovered, re-
mixed and repelletized. The pellet 1s transferred to a furnace
with an argon atmosphere. The sample 1s heated at a ramp
rate of 2° per minute to an ultimate temperature 750° C. and
maintained at this temperature for 8 hours.

In a second step, the vanadium phosphate made 1n the first
step 1s reacted with an alkali metal halide, exemplified by
sodium fluoride, according to the following reaction scheme.

xNalF + VPO, — Na, VPO,

5.836 grams of VPO, and 1.679 grams of NaF are used. The
precursors are pre-mixed using a mortar and pestle and then
pelletized. The pellet 1s transferred to an oven equipped with
a flowing argon atmosphere, the sample 1s heated at a ramp
rate of 2° per minute to an ultimate temperature of 750° C.
and maintained at this temperature for an hour. The sample
1s cooled and removed from the furnace.

To make Na, ,VPO,F, ,, the reaction is repeated with a
20% mass excess of sodium fluoride over the previous
reaction. The precursors are pre-mixed using a mortar and
pestle and pelletized as before. The sample 1s heated to an
ultimate temperature of 700° C. and maintained at this
temperature for 15 minutes. The sample 1s cooled and
removed from the oven. There 1s only a small weight loss
during reaction, indicating almost full incorporation of the
Nalk.

To make an active material of formula Na, .VPO,F, . the
reaction 1s repeated with an approximate 50% mass excess
of sodium fluoride over the first reaction. The sample 1s
heated at 700° C. for 15 minutes, cooled, and removed from
the oven.

EXAMPL.

L1l

10

Electrode active materials comprising compounds of the
formula Na CrPO/F_, exemplifying the general formula
A MPO,7Z _, are made according to the following reaction
scheme.

—

CI'203 +

(NH,),E xNaF

PO, +

Na,CrPO,F, + 2NH; + 1.5H,0

The starting materials are mixed using a mortar and pestle
palletized, placed into an oven and heated to a temperature
of 800° C. and maintained at this temperature for six hours.

EXAMPL.

L1l

11

An electrode active material comprising NaMnPO_F 1s
made according to the following reaction scheme.

NaF + MnPO4..2H,0 ——» NaMnPO,F + 2H,0

For this reaction, the MnPO, may be conveniently made
from Mn,O. by carbothermal reduction. 1.87 grams of
MnPO,.2H,O and 0.419 grams of NaF are mixed, pellet-
1zed, and heated 1n an oven up to an ultimate temperature of
500° C. and maintained for fifteen minutes.
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EXAMPLE 12

An electrode active material comprising NaCoPO,F 1s
made according to the following reaction scheme.

—_—

0.33 Coz04 + NH4H,PO4 + NalF + 0.083 O,

NaCoPO,F + NH; + 1.5H,0

This active material 1s made under oxidizing conditions
where the metal 1n the final product has a higher oxidation
state than the metal 1n the starting maternial. 3 grams of
Co,0,, 1.57 grams of NaF, and 4.31 grams of NH,H,PO,
are mixed, pelletized, and heated to an ultimate temperature
of 300° C. and maintained at the temperature for three hours.
This sample 1s cooled, removed from the oven, repelletized,
and returned to the oven where 1t 1s heated to an ultimate
temperature of 800° C. and maintained at the temperature for
eight hours.

EXAMPLE 13

An electrode active material comprising L1, ;Na, , VPO_F
1s made according to the following reaction scheme.

——.

xLiF + (1-xNaF + VPO, Li,Na, VPO,F

As an alternative to using alkaline fluorides, a reaction
between VPO, and NH_,F and a mixture of [1,CO, and
Na CO; may also be used.

To make Li,,Na, ,VPO,F, 1.459 grams VPO,, 0.026
grams of LiF, and 0.378 grams of NaF are premixed,
pelletized, placed in an oven and heated to an ultimate
temperature of 700° C. The temperature 1s maintained for
fifty minutes after which the sample 1s cooled to room
temperature and removed from the oven. To make
L1, o<Na, 55 VPOLFE, 1.459 grams of VPO,, 0.246 grams of
L1F, and 0.021 grams of NaF are mixed together and heated
in an oven as in the previous step.

EXAMPLE 14

An electrode active material comprising NaVPOLF 1s
made hydrothermally according to the following reaction
scheme.

NalF + VPOy; —— NaVPO4F

1.49 grams of VPO, and 1.42 grams of NaF are premixed
with approximately 20 milliliters of deionized water, trans-
ferred and sealed 1n a Parr Model 4744 acid digestion bomb,
which 1s a Teflon lined stainless steel hydrothermal reaction
vessel. The bomb 1s placed 1n an oven and heated at a ramp
rate of 5° per minute to an ultimate temperature of 250° C.
to create an internal pressure and maintained at this tem-
perature for forty-eight hours. The sample 1s slowly cooled
to room temperature and removed from the furnace for
analysis. The product sample 1s washed repeatedly with
deionized water to remove unreacted impurities. Then the
sample 1s dried 1 an oven equipped with argon gas tlow at

250° C. for one hour.
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EXAMPL,

(L]

15

An electrode active material of formula NaVPO_,OH 1s
made according to the following alternative reaction
scheme.

NaOH + VPO, — NaVPO,0H

In this Example, the reaction of the Example 14 1s repeated,
except that an appropriate molar amount of sodium hydrox-
ide 1s used instead of sodium fluoride. The reaction 1s carried
out hydrothermally as in Example 14. The hydroxyl group 1s
incorporated into the active material at the relatively low
temperature of reaction.

EXAMPL.

L1

16

An eclectrode active material comprising NaVPOLF 1s
made according to the following reaction scheme.

—k.

0.5Na,CO; + NH,F + VPO

NaVPO4F + NHz; + 05C0O, + 0.5H0

1.23 grams of VPO,, 0.31 grams of NH_F, and 0.45 grams
Na,CO, are premixed with approximately 20 malliliters of
deionized water and transferred and sealed 1n a Parr Model
4’744 acid digestion bomb, which 1s a Tetlon lined stainless
steel reaction vessel. The bomb 1s placed 1n an oven and
heated to an ultimate temperature of 250° C. and maintained
at this temperature for forty-eight hours. The sample 1is
cooled to room temperature and removed for analysis. The
sample 1s washed repeatedly with the deionized water to
remove unreacted impurities and thereafter 1s dried 1n an
argon atmosphere at 250° C. for an hour.

EXAMPL.

(Ll

17

An electrode active material comprising Li,Fe,(PO,);F,
representative ol materials of the general formula A*M,
(PO,),7Z , 1s made according to the following reaction
scheme.

21Li,CO; + FeyO; + 3 NHH>(PO,) + NH4F

LigFer(PO4)3F + 2C0, + 4NH; + 5 H>O

Here, M,O, represents a +3 metal oxide or mixture of +3
metal oxides. Instead of 2 lithium carbonates, a mixture of
lithium sodium and potassium carbonates totaling two moles
may be used to prepare an analogous compound having
lithium, sodium and potasstum as alkali metals. The starting
material alkali metal carbonate, the metal or mixed metal +3
oxidation state oxides, the ammonium dihydrogen phos-
phate, and the ammonium fluoride are combined 1n stoichio-
metric ratios indicated i the form of powders, and the
powders are mixed and pelletized as 1n the previous
examples. The pellet 1s transierred to an oven and 1s heated
up to an ultimate temperature of about 800° C. and main-
tained at that temperature for 8 hours. The reaction mixture
1s then cooled and removed from the oven.
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EXAMPL,

(L]

18

An electrode active material comprising Na,L1,M,(PO, ),
F 1s made according to the following reaction scheme.

L1, CO; + NaCOz; + 2MPOs, + NH4H-PO4, + NH4F ——

Na,Li>,M>(PO,)sF + 2CO, + 2NH; + 2H0

The starting materials are combined 1n the stoichiometric
ratios indicated and are reacted according to the general
procedure of Example 17. Here, MPO, represents a metal +3
phosphate or mixture of metal +3 phosphates.

EXAMPL.

(Ll

19

An electrode active material comprising active material
L1, V,(PO,),F, representative of materials of the general
formula A_M,(PO,),7Z ., 1s synthesized with carbothermal
reduction according to the following reaction scheme. This
reaction 1s based on conversion of carbon to carbon mon-
oxide 1n the carbothermal reduction mechanism.

—e

2C + 15Li,CO3 + V05 + LiF + 3 NH4 H>PO,

LigVo(PO4)sF + 15C0O, + 3NH; + 45H,O0 + 2.CO

In the reaction scheme, carbon 1s supplied 1n excess so that
the product formed 1s limited by the other starting materials
present. The starting materials are combined, mixed, pellet-
1zed, and heated according to the process described above 1n
Example 7.

EXAMPLE 20

An electrode active material comprising Li.Mn, (PO, ),F,
1s made according to the following reaction scheme.

2.5 LbCO; + Mn,O3 + 3 NH4H>PO, + 2 NH4yF ——

LisMn, (PO, F, + 25C0, + 5NH; + 5.5 H0.

The starting materials are combined in stoichiometric ratios
as mdicated and reacted under conditions similar to that of
Examples 17 and 18. This reaction represents the incorpo-
ration of a +4 oxidation state metal into an active matenal of

the mvention that contains three phosphates groups. The
reaction 1s carried out without reduction.

EXAMPL.

21

(Ll

An electrode active material comprising [1,V,(PO,),F 1s
synthesized according to the equation

3C + 25LpCO; + V305 + LiF + 3 NH4H>PO4

——-

LigVo(POy)s F + 25C0O0, + 3NH; + 45H0 + 3CO.

The equation presupposes that the carbothermal reaction
proceeds with production of carbon monoxide. Here again,
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the carbon 1s provided 1n excess, in this case to reduce the
vanadium +35 species all the way down to its lowest oxida-
tion of +2. It 1s appreciated 1n the reaction scheme that such

a reduction 1s possible because there 1s enough lithium 1n the
reaction scheme that lithium 1s incorporated 1nto the reaction 53
product in an amount sufficient to neutralize the (PO,),F~'°
group ol the active material.

EXAMPL.

L1

22

10
An eclectrode active material comprising L1, -Na, -M,
(PO.,),(POF)F, where a phosphate group 1s partially sub-
stituted by a monotluoromonophosphate, 1s made as follows.
This process 1s analogous to that described 1n Example 18,

except that LiHPOLF 1s substituted for NH, H,PO,. The 15
active maternial 1s made by the following reaction scheme:

0.25 Li,CO; + 0.75Na,CO; + 2MPO, +

LiHPO;F + NHF ——» Li; sNaj sMy(PO,),(POsF)F + 20
CO‘2 + NH3 + H20

The starting materials are provided in the molar ratios “3
indicated. The powdered starting materials are mixed, pel-
letized, and placed 1n an oven at about 700° C. for 1-8 hours.

In an alternative embodiment, an extra mole of fluoride 1s
provided so that the reaction occurs according to the .,
scheme:
05Li,CO; + NaCO; + 2MPO, + LiHPO;F +

2NH4F —_— LigNﬂgMg(PO4)2(PO3F)F2 =+ 35
C02 + 2NH3 + 1.5 H20

This example demonstrates both the partial replacement |
of phosphate by monofluoromonophosphate and the control
of the reaction product by selection of the molar amounts of
the starting materials.

EXAMPLE 23 45

An electrode active material comprising Na, ,L1Cr
(PO, ), 2(S10,), ,F 1s made according to the following reac-
tion scheme.

50
0.1 NaxCO; + 05Cr0; + 0.8 (NH,),HPO, + LiF +
0.2 Si0; —  Nag,LiCr(PO4)os(SiO4)0oF  +

01CO, + 1.6NH; + 12H0. .

Powdered starting materials are provided in the molar
amounts indicated, mixed, palletized, and placed in an oven.
The sample 1s heated to an ultimate temperature of 750° C.
and held there for four hours.

EXAMPL.

(Ll

24

An electrode active material comprising L1, AIV(PO,), - 65
(SbO,), F, representative of materials of the formula

A'M1," M2,_*° (PO,), (SbO,),_.F (wherein A=Li, n=4,

34

M1+Al, M2=V, M3=Mg, y=1, and z=2.5,) are made accord-
ing to the following reaction scheme.

2Li-CO; + 05ALO; + VPO, + 0258b,05 +
15NHH,PO, + NH,f —=

Lig ALV (PO4) 5(SbOs)osF + 2C0, + 25NH; + 2.75H,0

Powdered starting materials are provided in the molar
amounts indicated, mixed, pelletized, and placed 1n an oven.
The sample 1s heated to an ultimate temperature of 750° C.
and held there for four hours.

EXAMPL.

235

(Ll

An clectrode active material comprising,
L1 CopoAly 0osMg, PO, F 1s made as follows. (This
Example shows the synthesis of a mixed metal active
material containing lithium and three different metals, with
two metals 1n a +2 and one metal 1n a +3 oxidation state). For
A=L1, a=2.025, M1=Co, M2=Al, and M3=Mg, the reaction
proceeds according to the following scheme.

0.5125 Li,CO; + 0.3 Co3(PO,)»*8H,0 +
0.0125 Al,O; + 0.05Mg(OH),+ LiF + 0.4 NH,H,PO, —>
Liz_UESCGO_9Alg_025Mg0_05PO4F + 0.5125 C02 T 04NH3 + 8.9 Hzo

Powdered starting materials are provided in the molar
ratios indicated, mixed, pelletized, and heated 1in an oven at
750° C. for four hours to produce a reaction product.

The examples and other embodiments described herein
are exemplary and not intended to be limiting in describing
the tull scope of compositions and methods of this invention.
Equivalent changes, modifications and variations of specific
embodiments, materials, compositions and methods may be
made within the scope of the present invention, with sub-
stantially similar results.

What 1s claimed 1s:

1. A battery, comprising;:

a first electrode comprising eclectrode active material
represented by the general formula:

AMyXY 4)oZa,

wherein

(a) A 1s selected from the group consisting of L1, Na, K,
and mixtures thereof, and 0.1<a<6,

(b) M comprises one or more metals, comprising at
least one metal which 1s capable of undergoing
oxidation to a higher valence state, and 1=b=3,

(c) XY, 1s selected from the group consisting of X'O,__
Y',, X0, Y5, X"S,, and mixtures thereot, where
X'1s P, As, Sh, S1, Ge, S, and mixtures thereof; X"
1s P, As, Sb, S1, Ge and mixtures thereof; Y' 1s a
halogen; 0=x<3; and O<y<4; and,

(d) Z 1s selected from the group consisting of a
hydroxyl, a halogen, and mixtures thereof, and
0<d=6; wherein M, X, Y, Z, a, b, d, x and y are
selected so as to maintain electroneutrality of the
electrode active material;
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the battery further comprising a second electrode which 1s
a counter-electrode to the first electrode; and

an electrolyte.

2. The battery according to claim 1, wherein A comprises
L.

3. The battery according to claim 1, wherein A 1s Na.

4. The battery according to claim 3, wherein XY, 1s PO,
or S10,.

5. The battery according to claim 3, wherein XY, 1s PO,

6. The battery according to claim 1, wherein A 1s Li.

7. The battery according to claim 6, wherein XY, 1s PO,
or S10,.

8. The battery according to claim 6, wherein XY , 1s PO,

9. The battery according to claim 1, wherein a 1s from
about 1 to about 6.

10. The battery according to claim 1, wherein M com-
prises a transition metal selected from Groups 4 to 11 of the
Periodic Table.

11. The battery according to claim 10, wherein M 1s a +3
ox1idation state transition metal selected from Groups 4 to 11
of the Periodic Table.

12. The battery according to claim 10, wherein M 1s
selected from the group consisting of Fe, Co, N1, Mn, Cu, V,
Zr, T1, Cr, and mixtures thereof.

13. The battery according to claim 10, wherein XY, 1s

PO or 510,.
14. The battery according to claim 10, wherein XY, 1s
PO

4

15. The battery according to claim 1, wherein M 1s M'M",
wherein M' 1s at least one transition metal selected from
Groups 4 to 11 of the Periodic Table; and M" is at least one
clement selected from Groups 2, 3, 12, 13, and 14 of the
Periodic Table.

16. The battery according to claim 135, wheremn M' i1s
selected from the group consisting of Fe, Co, N1, Mn, Cu, V,
Zr, T1, Cr, and mixtures thereof.

17. The battery according to claim 16, wheremn M' is
selected from the group consisting of Fe, Co, Mn, Cu, V, Cr,
and mixtures thereof.

18. The battery according to claim 16, wherein M" 1s
selected from the group consisting of Mg, Ca, Zn, Sr, Pb, Cd,
Sn, Ba, Be, Al, and mixtures thereof.

19. The battery according to claim 18, wherein M" 1s
selected from the group consisting of Mg, Ca, Zn, Ba, Al,
and mixtures thereof.

20. The battery according to claim 18, wherein XY, 1s
PO, or 510,.

21. The battery according to claim 18, wherein XY, 1s
PO,
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22. The battery according to claim 15, wheremn M" 1s
selected from the group consisting of Mg, Ca, Zn, Sr, Pb, Cd,
Sn, Ba, Be, Al, and mixtures thereof.

23. The battery according to claim 22, wherein XY, 1s

PO, or S10,.
24. The battery according to claim 21, wherein XY, 1s
PO

4-
25. The battery according to claim 1, wherein XY, 1s PO,
or S10,.
26. The battery according to claim 1, wherein XY, 1s PO,,.

277. The battery according to claim 1, wherein Z comprises
F.

28. The battery according to claim 1, wherein Z 1s selected
from the group consisting of OH, F, Cl, Br, and mixtures
thereof.

29. The battery according to claim 28, wherein Z 1s F.

30. The battery according to claim 28, wherein XY, 1s
PO, or S10,.

31. The battery according to claim 28, wherein XY, 1s
PO,

32. The battery according to claim 28, wherein d 1s from
0.1 to about 6.

33. The battery according to claim 1, wherein d 1s from
about 1 to about 6.

34. The battery according to claim 1, wherein d 1s from
about 1 to about 6.

35. The battery according to claim 1, wherein the second
clectrode comprises a matenial selected from the group
consisting of a metal oxide, metal chalcogenide, carbon,
graphite, and mixtures thereof.

36. The battery according to claim 35, wherein the elec-
trolyte comprises a solvent selected from the group consist-
ing of dimethyl carbonate, diethyl carbonate, dipropylcar-
bonate, ethyl methyl carbonate, butylene carbonate,
v-butyrolactone, triglyme, tetraglyme, a lactone, an ester,
dimethylsulfoxide, dioxolane, sulfolane, and mixtures
thereof.

377. The battery according to claim 36, wherein the elec-
trolyte further comprises a lithium salt selected from the
group consisting of Li1AsF,, LiPF., LiClO,, LiB(CHx),,
L1AIC,, LiBr, and mixtures thereof.

38. The battery according to claim 37, wheremn A 1s Na.

39. The battery according to claim 38, wherein XY, 1s

PO, or S10,.
40. The battery according to claim 38, wherein XY, 1s
PO,.
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